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ABSTRACT

Two-wavelength, time resolved interferograms provide measurements
of the time history of the thermodynamic properties behind the reflected shock
wave in ionizing argon. The streak interferograms also provide an informative
flow visualization of the shock reflection process including the nonequilibrium
wave interactions resulting from the onset of ionization behind both the incident
and reflected shocks. The experimentally determined equilibrium thermo-
dynamic properties behind the reflected shock are found to be consistently
greater than those predicted from the usual constant reflected shock speed
theory. Argon ionization relaxation times obtained from the interferograms
are correlated and compared with previous measurements over a range of
shock speeds from 2.9 to 5.5 km/sec. The origin and nature of the observed
nonequilibrium phenomena in the reflected shock structure are discussed in
detail while the quantitative results provide the basis for experiments aimed at

spatially resolving the ionized thermal layer formed on the shock-tube end-wall.

Density and electron concentration profiles are obtained in the ionized,
end~-wall boundary layer from two-wavelength snapshot interferograms. Upon
comparison, it is found that the experimental electron concentrations remain
considerably higher in the boundary layer than predicted by theory. The
discrepancy is attributed primarily to nonequilibrium effects which are not
accounted for in the theoretical treatment. From a comparison of theory and
preliminary boundary layer experiments when no ionization is present, a
value of v = .75 for the temperature exponent is obtained when the thermal

conductivity for neutral argon is assumed proportional to T,
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NOMENCIATURE

A Coefficient in refractivity expression (Eqn. 2.4)

B(M) Coefficient in refractivity expression (Eqn. 2. 4)

D Diffusion coefficient -

E; . First excited state of neutral atom

H Nondimensional enthalpy ratio

I Tonization potential

K Thermal conductivity

L Test section width, focal length ( ) ¢

MS Mach number of incident shock

MZI Mach Zehnder Interferometer

N Order of interference

R Argon gas constant

S Fringe shift

T Gas temperature

U Shock speed

Vw Camera writing speed

a Speed of sound

e Speed of light in vacuum

e Electronic change, internal energy

h Debye length, enthalpy

k Boltzmann constant

m Particle mass

n Number density or concentration

P Gas pressure

t Time after shock reflection, window thickness

X,V Distance from shock~tube end-wall
GREEK SYMBOLS

ol Degree of ionization
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Ratio of specific heats

Vacuum permittivity

Similarity variable, density ratio across incident shock

Nondimensional temperature ratio

Wavelength of light, mean free path

Index of refraction

Temperature exponent for thermal conductivity
Gas density

Ionization relaxation time

Optical path length

Ratio of reflected shock density to initial density

SUBSCRIPTS

Initial shock tube conditions

Conditions behind incident shock wave
Conditions behind reflected shock wave
Argon atom

Equilibrium

Frozen

Laboratory reference frame

Incident shock

Electron

Wall conditions

Edge of boundary layer



INTRODUCTION

A considerable amount of theoretical work has been done on the prediction
of heat transfer and variation of transport and thermodynamic properties through
ionized boundary layers. These theoretical efforts have not always adequately
accounted for the coupling between the boundary layer structure and the thermo-
dynamic and fluid dynamic variations of the "free stream." Unfortunately, the
same may often be said of the empirical work that has been reported on this sub-
ject. Accordingly, the boundary layer investigation presented here is concerned
with experimentally determining the structure and properties of the flow field
external to the boundary layer as well as the detailed structure of the boundary
layer itself.’” This work is part of what has been a continuing effort in the
Stanford Aerophysics Laboratory to investigate the transport properties of high
temperature ionized gases -- in this case, the thermal conductivity of an argon

plasma.

In the present experiments, two-wavelength interferometry is applied
to the problem of spatially resolving the distribution of thermodynamic proper-
ties in an ionized argon thermal boundary layer. The thermal layer considered
in these experiments is the thin transition region (~ 2mm) between a cold wall
and an adjacent high temperature (~ 1040K), high pressure {(~ latm) plasma
ot~ .1). This situation is produced in a conventional combustion driven shock
tube when an incident strong shock wave undergoes reflection from the end-
plate of the closed test section. Because the test gas or plasma between the
wall and the reflected shock wave is essentially stagnant because of the con-
straining influence of the end-wall, there are no fluid shear stresses acting in

1



the boundary layer development. It would thus appear that the boundary layer
measurements could be compared with a less complex theory than that for a

flat plate parallel to an ionized stream. However, in ionizing monatomic gases
as well as in chemically and vibrationally relaxing gases, the shock reflection
process itself is considerably more complex than implied above; It may then be
asked to what extent these complications couple with the experimental and theo~-

retical boundary layer analyses.

In an attempt to answer this rather broad question, two-wavelength, time-
resolved interferometry was applied to investigate the shock reflection process
and the history of the thermodynamic state of the gas in the reflected shock re-
gion, These results represent a major portion of this report because of their
possible influence on boundary layer structure and heat transfer, radiation, and
chemical and electronic reaction rate studies in the reflected shock region, studies
which have been and still are underway in many laboratories. The need for ex-
perimental determination of the state of the doubly shocked, end-wall gas has
already been indicated in the work of Camac and Feinberg(l) , Smith(z), and
Baganoff(g) in connection with studies involving the reflected shock structure,

i.e., on the transitional processes from the initial to final equilibrium states.

For what may be termed relatively mild conditions (M< 7, P 15 10 torr),
the shock reflection process in argon is straightforward, and the thermodynamic
properties behind the reflected shock computed from simple, one dimensional
theory for constant specific heats may be assumed to prevail for times exceeding
300 microseconds after reflection. However, for incident shock speeds and
initial pressures high enough to yield significant ionization, the thermodynamics
and fluid dynamics of the reflection process are severely complicated by non-

equilibrium wave interactions, The observed interactions result from the



" reflection of the incident shock into its own relaxation region and from the
suddenness of the thermodynamic changes associated with ionization equilibrium
behind both the incident and reflected shocks. The abruptness of these changes

(4,5, 6) The streak interferograms obtained

is characteristic of the rare gases.
in this study show these interactions clearly and yield quantitative data on the
electron and heavy particle number densities in the reflected region. That in-

formation may then be related to the pressure and temperature by assuming an

equation of state for the ionized gas.

At this poirit, a brief description of the reflection process in ionizing
argon and some of the preceding work in this area may assist in introducing
the details which are discussed below. When the incident shock wave passes
through the initially stationary gas, the translational degrees of freedom of the
argon atoms are fully excited after only a few collisions, and the gas is set into
a uniform motion in the direction of shock propagation. The velocity and density
of the gas immediately behind the shock are the so called "frozen' values cal~
culated from the shock jump conditions and the caloric and thermal equations
of state for an ideal gas with constant specific heats. The shocked gas remains
close to these frozen conditions for some time after shock passage; however,
due to their statistical imbalance with the translational degrees of freedom, the
internal degrees of freedom gradually become excited until enough electrons and
excited atoms have beén produced to cause a cascading of the ionization process.
A relaxation time TZL may then be defined to characterize this approach to
equilibrium where the subscript 2L refers to conditions behind the incident shock
observed from a stationary laboratory position. The interferograms of Wong
and Bershader(5) for argon illustrate clearly the sharp character of the changes

near the onset of equilibrium behind the incident shock. A contrasting case is

3



that of vibrationally relaxing gases where equilibration is much more continuous
in nature. (See for example the interferograms of ref. 7 behind the incident
shock and refs. 8 and 9 behind the reflected shock.) When the frozen trans-
lational shock reflects from the end-wall, the properties of the gas in the re-
flected shock region are again initially determinable from the conservation
equations for a nonreacting gas. It will be shown later, however, that immediately
behind the frozen shock, there are a measureable number of electrons present
so the term "frozen" is not strictly applicable. In any case, a phenomenon
similar to that occuring behind the incident shock takes place, and after a re-
laxation time 2"5 , the gas achieves ionization equilibrium rather suddenly.
Because the pressure is so much higher, however, T 5 is considerably less
than 2'21_. A reflected ionization front propagates away from the end-wall at

a speed which is slightly less than the reflected translational shock speed.

The reflected ionization front effectively reduces the gas temperature
by a factor as high as 3 (in these experiments); this is primarily due to the
absorption of translational internal energy by the ionization process. As a re-
sult, the density increases considerably, and in order to support this density
increase, an expansion wave system originating at the point of equilibration
next to the wall propagates at the acoustic speed into the initially quiescent gas
between the wall and translational shock. The front of this expansion wave then
overtakes and decelerates the reflected shock. An additional decrease in the
reflected shock speed results frqm the density increase associated with the

equilibration in region 2.

The results of Wong and Bershader(5) behind the incident shock show

that approximately 80% of the change in density and pressure from the frozen



to the equilibrium values takes place within the last 20% of the total relaxation
time. In accordance with analagous shock-shock interactions, this steep density
gradient is transmitted through the reflected shock and toward the wall while the
reflected shock itself is transmitted through the density gradient into the equilibrium
region behind the incident shock. Upon reaching the wall where it is seen as a
pressure increase, the interaction wave is forced to reflect because of the velo-
city constraint, and it eventually rejoins and coalesces with the transmitted re-
flected shock. The coalesced wave continues to move away from the wall at an
approximately constant speed. A considerable number of details of the reflection
process have not been included here since the intention has been merely to in-
troduce its complexity and some of the terminology which will be used in the

later discussion,

@)

Camac and Feinberg'’ and Smith(z) considered the reflection process

in ionizing argon and xenon respectively on the basis of heat transfer and pressure
measurements on the shock tube end-wall. Because of this, they were limited
to observation of phenomena which occurred at or propagated to the wall. Des-
pite this, however, Camac and Feinberg accurately pfedic’ced the presence of
an expansion wave emanating from the first equilibrium point (T 5 ) at the wall.
Their hypothesis that an additional shock should occur between the wall and re-
flected ionization front has not been verified, at least for the conditions en-
countered in the present experiments. Although the xenon, end-wall, pressure
measurements of Smith did not appear to corroborate the expansion wave hypo-
thesis, they did suggest that the ionization process acts as a heat sink to slow
the reflected wave. This would reasonably explain why in the stronger s.hock
cases of this study in argon the expansion wave is "'washed out" and the shock
decelerates noticeably immediately after reflection. Several experiments in

5



xenon were also made in this investigation and the pertinent points of comparison

will be discussed in chapter IV.

A point of interest to the present studies is that Camac and Feinberg's
heat-transfer measurements showed no change when the reflected shock gas
attained equilibrium. However, a significant increase in signal was observed
when the interaction wave arrived at the wall. This would in some measure
support the belief that if boundary layer measurements can be made at con-
ditions and times t after reflection such that TS Kt=< ZEL , then the effect
of the finite time to achieve an ionized "free stream" could be neglected in the ©
theoretical boundary layer developn}ent. The ionized boundary layer measure-
ments reported here were made with this thought in mind. Experimentally, the
properties at the edge of the boundary layer, or "free stream' were measured,
and the resulting experimental profiles (all at t = 100 /usech) are assumed in-

dependent of the starting process.

The interferometric technique used here to resolve the ionized boundary
layer is similar to that used by Bunting(lo) for low temperature or un-ionized
boundary layers. In order to "calibrate'' the present measurements and, in
effect, reevaluate the approach, several eﬁcperiments were conducted at low
temperatures with modifications in the experimental apparatus. A description
of the techniques and the present results are given in Chapter III. The temper-

ature dependence of the argon thermal conductivity K A found here agrees

quite well with the semi-theoretical results of Amdur and Mason(ll) who found

that K AD(T‘75 . The boundary layer profiles for the ionized freestream are

presented in Chapter V where they are compared with the theoretical predictions

12)

of Kn88s. ( Significant discrepancies are found between the theoretical and



experimental electron concentration profiles, and the possible sources of these

discrepancies are discussed.

Most of the experimental apparatus and techniques are described in
Chapter II, in order to assist in clarifying the subject matter that follows and
to discuss some of the experimental problems which might otherwise tend to
confuse the reader. Two appendices are included to present the analyses used
to determine the effect of refractive errors on the experimental boundary layer
profiles and the theoretical reflected shock properties. In the latter case, a
comparison is made of several approaches which could be used to account for
electro-static effects on the lowering of the ionization potential and truncation
of the partition functions. Because of its internal consistency and the satisfying
of certain restrictive conditions, the Debye-Hlickel theory is applied in con-
junction with the modified Saha equation to compare theory and experiment and
to determine the equilibrium pressures and temperatures from the measured

electron concentrations and mass densities.



II
EXPERIMENTAL EQUIPMENT AND TE CHNIQUES

Shock tubes provide a relatively inexpensive and simple means of pro-
ducing high enthalpy gases which may be used» in heat transfer and gaskinetic
studies. They are particularly useful in reaction rate studies because the -
resulting incident shock wave raises the temperature and density of the initially
quiescent gas by factors of the order (¥ ~1}M2/2 and (§+1)/(¥-1) in time
intervals that are on the order of one-tenth of the corresponding relaxation
times for vibrational or chemical equilibration. Even more severe conditions
may be attained for similar studies by allowing the initially produced shock
wave to reflect from the closed end of the shock tube, thereby heating the gas
twice. As already mentioned, this was the manner in which the shock tube
was applied to produce the high temperature plasmas of interest in this in-
vestigation. This chapter presents a description of the equipment and ex-
perimental techniques used in the present study; however, no attempt will be
made to provide the theoretical basis of shock tube operation since many re-
ferences already exist on this subject. (13, 14) The optical methods are also
treated briefly, and only the equations necessary to understand the interferograms

and data reduction are presented.

2.1 Shock: Tube Facility and Instrumentation. The Stanford Aerophysics

shock tube used in the present investigation is a square cross-section, extruded
aluminum tube that is 6.7 meters long from the diaphragm section to the end-
plate and has a test section width of L. = 5cm. The square cross-section is
particularly convenient for interferometric studies since the data can then be

reduced on the basis of a one-dimensional analysis. The driver section is
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stainless steel with a 7. 6cm L. D, and 3.8cm walls and can be operated as a
pressure drive or combustion drive (spark plug ignition) with a 70% helium

diluted Hz - O2 stoichiometric mixture.

Half-hard aluminum sheet (2024-T3) . 032 inches thick and machine scribed
on the driven side was used for diaphragm material between the driver and test
section. Bursting is then caused by the high bréssure in the driver. By using
this material, rather than a softer aluminum, and by carefully scribing the
diaphragms, pitting of the quartz test section windows from aluminum deposition
was considerably reduced. The "life time" of the relatively expensive quartz
windows was further éxtended by removing the aluminum deposits with potasium
hydroxide solution. Less expensive glass windows were completely unsatisfactory

since they tended to develop "flakey' surfaces.at the strong shock conditions.

Schlieren grade quartz windows approximately 2 3/4 inches in diameter
and 3/4 inch thick were mounted in stainless steel holders providing a field of
view approximately 2 1/4 inches in diameter. The end wall, made from:a solid
brass plug, then formed a chord of approximately 1 inch in the field of view,
Windows closely matching those in the test section were used in the compensating
leg of the MZI. In performing the boundary layer experiments, it is very im-
portant that the vertical fringes formed by the MZI be uniformly spaced. To
insure this, the windows were iteratively rotated to compensate for wedge effects
until broad horizontal fringes were straight and parallel at‘all points in the field

of view.

Two 1/16 inch I.D. brass tubes 5cm long were mounted in holes drilled
horizontally through the brass plug parallel to the end-wall surface. Before

inserting these tubes in the holes, they were fitted with internal cross wires



(. 004 inch D.) located so that they would be at 2/3 the distance across the test
section width from the light-inlet window: . The actual distance between the
cross wires and end-wall surface was then measured with an optical comparator
to an accuracy of .0025mm. Knowing this distance and the photographic mag-
nification allows one to determine accurately the location of the end-wall relative

to the fringes in the boundary-layer, snapshot interferograms.

The initial test section conditions are very important in shock tube
studies involving nonequilibrium chemistry because the approach to equilibrium
as well as the equilibrium properties are dependent on these conditions and are
not simply functions of the ratio of frozen specific heats and Mach number. The
impurity level in the test gas is also of concern since it has been shown in ref-
erence 4 that impurities can significantly affect the equilibration rates behind
the incident shock. In the optical studies reported here, the initial pressure
also provides the reference level for the measured density change so that errors
in P1 are directly reflected in errors in the measured properties behind the

reflected shock.

These remarks assume added significance when it is noted that, for
reasons described below, it was necessary to take streak interferograms for
each of two wavelengths on separate runs and cross plot the results. Further-
more, because of the attendant water vapor left in the tube after combustion
driven test runs, the level of impurities could be quite large and, equally im-
portant, nonuniform from run to run. To improve this situation, the shock tube
was cleaned after every run and evacuated to less than 1 micron hg (CVC Pirani
Vaé. Gauge) before filling with argon for the next run. The ensuing pressure
rise béfore filling, , primarily due to outgassing, was ,2 to .4 micron/minute
which for five minutes between filling and firing resulted in imburity levels of

10



approximately two to three micron hg partial pressure. It should be noted
that Pirani gauges are sensitive to the type of gas; in particular, the gauge is
less sensitive to higher molecular weight impurities such as cleaning solvents.
The above figures are therefore somewhat questionable. The actual argon gas
used in the experiments was . 99995 Linde regent grade argon. For the low
Mach number boundary layer tests and the time resolved shots in xenon, the
tube was pressure driven and evacuated to 10_5 Torr (CEC Ionization Gauge)

for each shot with a measured leak rate of less than .1 micron/minute.

The initial pressures of 2, 5, and 10 Torr were measured on a Wallace
and Tiernan 0-20 Torr pressure gauge. The gauge was checked against two
different McLeod gauges with no measureable differences noted and was re-
checked at several intervals in the experimental program. The excellent re-
peatability of the calibration curves even at the low end of the scale and the
very slight scatter in measured fringe shifts across the incident shock leads
to an assumed uncertainty in initial pressure of less than .04 Torr. The
initial temperatures were obtained from room temperature measurements and

were probably accurate to 1°c.

The test section has three shock detector transducer mounts located at
equal intervals of 125 mm, the last one being 135 mm from the end wall. The
first shoek detector is used to trigger an oscilloscope which displyays the output
of the second and third. The shock speed is thus measured from the known dis-
tance and measured time. The uncertainty in the shock speed measurement is

approximately 1.5% .

For the weaker shocks (M« 9) the output, on the order of several mill-

volts, from platinum thin film heat gauge shock detectors was amplified

11



(gaina»800) and fed to a dual beam oscilloscope, For the stronger shocks,
barium titanate piezo-electric pressure transducers (sensitivity .45 mv/torr)
were used as shock detectors. The outputs which were typically fractions of

a volt were amplified (gain~40) to supply adequate triggering voltages.

In these experiments, the streak interferograms also provided a mea-
sure of the shock speed. By knowing the writing speed and magnification, the
slope of the trajectory of the incident shock wave could be measured to give
the shock speed. The accuracy of this technique was estimated to be the same
as for the side wall transducers, and excellent agreement was found between

the two methods as shown in Figure 1.

2.2 Associated Electronic Equipment. The oscillogram shock speed measure-

ments just described were taken on a Type 555 dual beam Tektronix oscilloscope.
Another Tektronix scope, Type 551, was used to measure the times relative to
shock position at which the light source was actually triggered. The time bases

for these scopes was calibrated with a Tektronix type 180-A Time Mark Generator,

A transistorized Proportional Time Delay unit built from a design pro-
vided by the Livermore Electronic Design Department* proved to be an in-
valuable tool for performing these experiments. The unit provides a reliable
and simple to operate method of timing or triggering other instrumentation
when the shock wave is at a desired location, ‘The signals from two shock
detectors separated by a distance x provide the two input triggers for the
unit, which in turn provides an output voltage pulse at some preadjusted fraction
of the time x/ US. For a constant shock speed this fraction reduces-to the

ratio of the distance between the second detector and desired shock position to

*Lawrence Radiation Laboratory, Livermore, California. Courtesy of
Dr. Russell Duff,
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SHOCK SPEED FROM ROTATING MIRROR (mm xsec)

3 4
SHOCK SPEED FROM SIDE WALL (mm,/usec)

Figure 1. Comparison of incident shock speed measurement from streak
interferograms with side wall measurements.
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the distance between the first and second detector. The output signal, for
example, was then used to provide a time zero reference for the boundary layer
tests corresponding to shock incidence at the end wall. An Abtronics Model
200 two channel time delay unit was triggered with the proportional delay unit
to provide the necessary triggering voltage and additional delay for the light
source, Figure 2 is a block diagram of all the electronic triggering equipment
and sequencing. The location of the optical equipment discussed in the next

section is also shown in the figure.

2.3 Associated Optical Equipment. In addition to the shock tube, the basic

diagnostic tool used in these experiments is a Mach-Zehnder interferometer.

The theory and operation of interferometers is described in many references

of which 15, 16, and 17 are a few. Only the points necessary for an under-
standing of the present measurements will be discussed here. The MZI in the
Stanford Aerophysics Laboratory is of standard rectangular design and can be
adjusted in what is commonly called the Kinder system wherein the fringe spacing
and orientation may be changed without affecting the fringe focus. Figure 3

is a photograph showing the interferometer in its operating position along with

the light source and other optical equipment.

Although standard mercury and tungsten lamps are used for adjusting
the MZI, the actual test conditions are recorded with an exploding wire light
source. A 2 mil half inch tungsten wire was enclosed in a housing for which
a .015 x .25 inch vertical slit was the only outlet. A 7.5 uf capacitor charged
to 20 kv was discharged through the wire when a sealed spark gap switch was
broken down by a 15 kv pulse from a trigger unit. This trigger unit was initiated by

a 50 volt pulse from the two-channel time delay unit. From photo multiplier
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measurements, it was determined that the light intensity emitted through the

slit reached a peak in 2.0 JM-sec and had a brightness temperature of approx-
imately 40, OOOOK. The intensity remained high enought to adequately expose

the streak interferograms for over 50 /L( sec. Attempts to increase the intensity
by flowing argon through the wire cavity met with little success. The light source
collimating lens was a four inch diameter cemented doublet achromat with a-ten
inch focal length. It is noted that achromatic lenses are used throughout because

of the requirement for simultaneous focusing at two widely separated wavelengths.

The boundary layer snapshots were recorded on Polaroid-3000 4 x 5
prints, with a 2 /}-sec Kerr-cell shutter providing the time resolution. A single
achromatic field lens (d = 5 in., Lf = 24 in.) was also used as a camera lens with
a radiation stop near its focal point. The two wavelengths were provided by a
4530 K 90 X width, 53% peak) interference filter and a 5720 K (200 g, width,
70% peak) laminated broad band pass combination filter. The necessity for the
broad band width of the long wavelength filter is dictated by the low light source
intensity at the longer wavelength. For the rotating mirror records, a 4500 K
(100 & width, 50% peak) interference filter was used in place of the 4530 2& filter.
A high degree of confidence in the wavelength values just given was established
by transmission measurements, by observing the proportionality of fringe width
to wavelength, and by further observing that the meaéured fringe shifts across
the incident shock agreed very well with the theoretical values. It is certainly
possible that a combination of errors could have produced this last result; how-
ever, it is not very likely. These points are mentioned because an accurate deter-

mination of the effective wavelengths is critical to interferogram evaluation.
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The streak interferograms are obtained with a rotating mirror camera
which sweeps its unmagnified slit image along a stationary two fpot length of
film (Kodak 2475 Recording Film 1600 ASA). The camera's hexagonal polished
steel mirror (faces flat to 1/2 wave length) is driven by a gas turbine at speeds
slightly over 700 rps as measured on a calibrated Berkeley EPUT counter. The
writing speed, which was found to be invariant with position on the film plane,
was calibrated versus rps by using a photomultiplier to measure the travexgéal
time of the glit image leading edge across a known distance in the film plane.
The deviation of the calibration points about a straight line fit extrapolated
through zero was less than .0lmm/ /U sec for a slit width of . 75 mm and writing
speeds of about 2. 70 mam/ /U -sec used in these experiments. The uncertainty
in slope of the shock trajectory on the film records was taken as .5 and 1 degree
respectively for incident and reflected shocks. This gave shock speed un-

certainties of approximately 1.3 and 2.5% .

2.4 Interferometric Measurements In Ionized Gases. When no disturbance

is present in the test section beam of the adjusted interferometer, a uniformly
spaced fringe pattern results., The order of interference or fringe number at

the point x,y(z along optical axis) on the image plane is given by

N(x,g):-)'-\-[‘\y'-‘\‘/z_] @.1)

Here, '\V‘ and WZ are respectively the optical path lengths from the source
to the image plane through the test beam and compensating beam and are de-

fined by

W = /Uds 2.2)

where /u is the phase index of refraction and ds the elemental geometric
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path length along a ray trajectory.

Ifa disturbance in refractivity (/u-l) takes place in the test beém of
the interferometer, the fringe number at the point x,y of the image plane will
héve some value different from the undisturbed value given above. If optical
imperfections and refractivity gradients are neglected, all contributions to
A N(Ex,y) except those in fhe test section cancel and the change in order of in-

terference at (x,y), or the "fringe shift", is given simply by

SYCRNERSNGEL) 2.9

where ’L is the test section width and A(/u—l) is the change in reffactivity in
the test section from some reference condition. The application of this equation
to plasma diagnostics arises from the highly dispersive nature of the electron

refractivity which to a very good approximation depends on wavelength squared.

For a weakly interacting mixture of gases, the refractivity is given by
the sum of the individual refractivities over all species. This assumption can

18 _

be shown to be true for most plasmas, excluding stellar interiors. For a

singly ionized argon plasma and assuming charge neutrality, one can write for

the refractivity(s) {in MKS Units)
+ 2 \2
(Ma-1) a L [e*A
('/.4-—|)= _..ﬁ‘__;e[/o - nemA(\— a° + ™. N° ))]
, 0°\E, |6 T30
/oo e € leTrs¢c ’ (2‘4)

= A [P -ne BOV]

where a+/a°, the ratio of ion to neutral polarizabilities, is . 67(18) and a°

and (/b( A—l ) o are weak functions of wavelength and are related by ( /uA"\)o':
2.7 O.°/Oo . Itis readily apparent that if one can measure the change in the
order of interferences, S, for each of two wavelengths at a position (x,y) in the

flow field relative to what it would be for the uniform initial conditions, then
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there would result two algebraic equations for the two unknowns ,0 and n,

The question of the extent of refraction of light rays or wave fronts due
to density, or refractivity, gradients in the test section and the resulting effect
on the measured fringe shift is considered separately in Appendix A. This
phenomena is particularly important in the experimental resolution of the end-

wall thermal layer.

2,5 Thermal Boundary Layer Technique. The boundary layer experiments

are performed by taking magnified snapshot interferograms with very narrow
fringes, approximately five per mm, adjacent and parallel to the end wall. This
orientation and spacing provides the optimum spatial resolution of the boundary
layer when the interferometer is adjusted so that the fringes move away from
the wall for an increase in density or refractivity. In these experiments, the .
field of view is split in half by the two optical filters to simultaneously obtain
fringe shifts at two wavelengths (4530 K and 5720 jg)., As implied in the previous
section, the fringe shifts are measured relative to the uniform conditions out-
side the boundary layer where the fringes are uniformly spaced. In practice,
this is accomplished by measuring with a traveling microscope the distances of
the numbered maxima and minima of fringe intensities from the previously
described cross-wires which are a known distance from the wall. The fringe
shifts in the boundary layer are then determined by the fringe number displace-
ment from a least squares straight line fit through the points outside the boundary
layer on fringe number vs distance plane, This technique of '"locating the end-
wall” represents an important modification of the approach used in previous
experiments of this type where in the position of the end-wall relative to the

fringes was essentially determined from its apparent position in a "no flow"

20



photograph. Using the present technique and estimating the uncertainty in mag-
nification to be .5% for a nominal value of 2. 24, the end-wall could be located
relative to the fringe profile to within . 016 mm (actual distance).

In order to align the test section light beam with the end plate of the shock

tube, the technique given by Howes and Buchels(w)

was used. According to the
authors, the possible residual misalignment of their procedure should be less
than . 1 of the maximum misalignment due to the deviation from perfect colli-
mation of the finite light source which is )~~~ d/ZLf~. 015/2(10)= . 00075 rad.
The method depends on the formation of spurious fringes due to reflection from

the surface and single edge diffraction patterns from the inlet and exit edges of

the end-wall.

In the present boundary-layer studies, the object plane in the test section
at which the fringes are focused is located two thirds of the width from the
entrance window of the light beam. This Choice is a result of the analyses in
references 19 and 20 where it is shown that first order refraction errors are

minimized when the fringes are focused at this plane.

In the un-ionized boundary layer experiments, snapshots of 2 Msec dura-
tion were taken at 300 /,4 sec after initial shock reflection, while for the ionized
boundary layer, they were taken at 100 /4 sec after reflection. The method of
experimentally determining the thermodynamic properties at the boundary layer
edge for the latter case is described in Chapter IV. For the un-ionized case,
they were assumed to be given by the theoretical frozen reflected shock con-

ditions.

2.6 Shock Reflection Study. In this portion of the investigation, the rotating

mirror camera described previously was used to obtain time-resolved,two—
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wavelength interferograms. This was accomplished by orienting the fringes
perpendicular. to the shock tube axis, while, with the use of mirrors, the
camera slit was oriented parallel to the tube axis. With the fringes and the

test section focused on the camera slit and no disturbance present in the test
section, a sweep of the slit image along the film plane will produce a series of
light and dark fringes parallel to the direction of travel. The optics are adjusted
so that the end wall forms one edge of the interferogram and so that the mag-
nification is one to one. The field of view was limited to roughly 25 mm from

the wall.

As the incident shock wave propagates into the field of view, the fringes
behind the shock will be shifted relative to those in the initial test gas. Since
the writing speed on the film is constant, the streak interferogram will show
the shock as a straight line inclined toward the wall and across which the fringes
have shifted an amount corresponding to the density jump across the shock.
When the shock reflects from the end-wall, a similar trajectory is seen on the
film emanating from the point of reflection, only inclined at a smaller angle
to the wall depicting its lower speed. In most of the interferograms of the
present study, the interferometer is adjusted so that the fringes shift away from
the wall for an increase in refractivity or denéity, For the usual adjustment,
since the electronic contribution is negative, the fringes will shift toward the

wall when the electron concentration becomes adequate (see equation 2. 4).

As noted above, it was not possible to take streak interferograms
simultaneously at two wavelengths. A simple consideration of the geometry
will assure the reader that in order to do so, completely separate records

for each wavelength would be required, hence dictating use of another camera
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or a major modification of the present camera. Cost prohibited the first of
these alternatives while the loss in intensity through what would havé béen a
necessary beam splititer precluded the second. The task was accomplished by
making a series of shots at each of the three initial pi'essures for one of the
wavelengths and plotting the resulting fringe shifts versus Mach number. This
procedure was repeated for the second wavelength. The fringe shift for each
of the two wavelengths at a given pressure and Mach number could then be read
from these curves. As noted earlier, this is one of the primary reasons that
consistent if not high purity initial conditions were necessary. The data re-
duction procedure will be made clear in Chapter IV where the fringe shift

versus Mach number curves are presented.

In order to obtain the fringe shifts at 100 microseconds after reflection,
(recall light source duration ~s 50 /qséc), it was necessary to repeat the above
experiments with the light source triggered at 40 psec after reflection. The
proportional delay unit provided a pulse for the two-channel time delay unit
when the incident shock hit the wall; the two-channel delay then triggered the
light sour’ce 40 /usec afterwards. . Since fringe contrast is poor after 50 /,qsec,
it was necessary to extrapolate these fringe shifts to 100 /usec after reflection.
As conditions at these longer times do not change rapidly, the error in extra-

polating is estimated to be little more than . 1 fringe.
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I
END WALL BOUNDARY LAYER WITHOUT IONIZATION

For the experimental conditions of concern in this chapter (MS< 7,
Plé 10 torr), the state of the gas in the reflected shock region may be deter-
mined accurately by the simple one dimensional theory which assumes con-
stant specific heats and a constant reflected shock speed. Included in this
ideal situation is the formation of a thin, thermal boundary layer betweén the
cold shock-tube end-wall and the high temperature, but un-ionized, argon.
This boundary layer which grows in thickness with the square root of time after
reflection was studied with an interferometric technique similar to that used

by Bunting(lo)

and which was to be subsequently applied to the investigation
of the end-wall boundary layer in partially ionized argon. The experiments
reported in this chapter thus serve to reexamine the technique and the previous

results and in so doing to act as a calibration for the ionized boundary-layer

experiments reported in Chapter V.

3.1  Theoretical Calculations. The un-ionized boundary layer on the shock-

tube end-wall for a monatomic gas can be analyzed in a straightforward manner
by assuming that the thermal conductivity is proportional to the local gas tem-
perature raised to some exponent ¥ , i.e., KO(TV . This assumption is
rather common, and for argon, the generally accepted value of %/ = .75 is

due to the work of Amdur and Mason. (11) Their result was obtained from
calculations based on an exponent-six interparticle force potential at "low

and intermediate' temperatures and an inverse power potential at "high"
temperatures. The relevant constants in the potential were determined from

beam experiments separately valid in three regimes of interparticle spacing-
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Because these regimes overlapped, the results obtained for the thermal con~
ductivity by substitution of the potentials into standard kinetic theory equations
were smoothed between each regime. The value of ¥ =.75 in K AO(Tv
correlates their results very well from 1000 to 156000K and produces a value

of thermal conductivity very close to the value of 3.97 x 10"5 cal/ cm-sec-"K

at 0°C given in reference 21,

In order to evaluate experimentally the temperature dependence, the
measured temperature profiles from the interferograms described in the
previous chapter are compa}red with profiles obtained from the theory described
below. This comparison was accomplished by determining the mean and r.m.s.
deviations between the two profiles at various values of the exponent 2/ and
plotting the results versus %/ . The value of ¥/ reported for any particular
run then is the one for which the r.m.s. deviation is a minimum. It may be
argued that the appropriate procedure would have been to compute a theoretical
fringe number profile for a given value of 2/ with the free stream fringe
spacing determined from a no-flow interferogram and then make the statistical
comparison in this plane. The primary argument for this approach is that no
decision is necessary in the data reduction procedure as to which fringes are
to be included in the boundary layer and which ones are to be used for determining
the straight line for the free stream. However, for all the experiments re-
ported here, there were enough fringes available to provide from twenty to
thirty points for the straight line fit and approximately four or five data points
in the outer portion of the boundary layer which show no fringe shift: i.e., no
density change from the freestream. This fact justified proceding in the simpler

manner originally described for extracting a value of 2/ from the data,
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The shock tube end-wall thermal layer in the presence of an un-ionized

gas is governed by the following equations: (10)

3.1)

where it is assumed that the pressure is constant through the boundary layer
and where /0 is the mass density, h the enthalpy per unit mass, U~ the

velocity normal to the wall, T the temperature, K,the thermal conductivity,

A
y the distance normal to the wall, and t the time after reflection. With

the similarity parameter
_ /oco CPoo P d y
'2 - 2 K (3.2)

dh = cpdT, Cp = constant, and the assumed temperature dependence for the

thermal conductivity

v
Ka = Kaw (T/Tw) (3.3)

this equation is reduced to the single ordinary differential equation

| -
6"+ (v-1) T TTw (&) (;';?-9-) ne'=o @
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where the subscripts @@ and W refer to conditions in the free stream and at
the wall respectively and the primes denote differentiation with respect to )7

The boundary conditions are taken as -

=0 at n=0 T—Tw |
= T —Tw (3. 5)

e—+ 4 as T(—POO

The numerical procedure used in solving the above equation is discussed in

reference 10 along with comparisons to the results of other authors. (22)

3.2 Experimental Results. The method of obtaining the fringe shifts,
S, in the boundary layer was described in Chapter II. From these fringe

shifts, the density profile can be readily obtained from the simple equation

.;_/?_ = ..—% 1 (3. 6)

where /2o , the density in the undisturbed region, is obtained from the
solution to the reflected shock equations for a perfect gas and a known Mach
number and initial density. Because the pressure is assumed constant in the
boundary layer, the temperature may be obtained from the density measure-

ments and the perfect gas equation.

All of the interferograms in these experiments were taken at 300 A¢sec
after reflection. That the thermodynamic properties in the undisturbed gas
for the range of conditions considered here are given by the theoretical values
and that they prevail for over 300. /usec after reflection is sui)stantiated in the

following chapter and in references 23 and 24,
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Four runs were made in this series at conditions where ionization could
be completely neglected, as just mentioned. Table I below summarizes the re-
sults by listing the initial conditions, the freestream temperature and the re-
sulting value of the temperature exponent 2/ for each of the two wavelengths.
The mean value obtained for &/ is .75 with a .011 r, m. s. deviation of the mean.
For reasons which will be explained shortly, this value differs from 2/ = .668
reported in reference 10.

TABLE I

N

Summary of results of measurements of argon thermal con-
- _ d _ -5 _

ductlgnty k= kwallo(T/ T a1 for kw = 4,25 x 10 * cal/cm

sec- K, Tw = 297 K, time after shock reflection 300 pMsec

RUN MACH = INITIAL FREE STREAM WAVE- POWER LAW
NO. NO. PRESSURE TEMP, (°K) LENGTH EXPONENT
(Torr) :§) (¥)
710 3.52 5 2883 4530 L T7H
5720 .715
712 3.26 10 2486 4530 . 750
5720 . 788
713 6.40 5} 9183 4530 , 702
5720 .758
714 4,98 5 5625 4530 .32
5720 . 799

To further exhibit the data, figure 4 shows a "no flow' and "flow"
interferogram at each of the two wavelengths for RUN 714 and figure 5 pre-
sents the results for this run in the form of a @ versus distance plane with
the theoretical curve superimposed. It is believed that the data sample here
is too small to draw any major conclusions concerning the relative behavior of -

the results for each of the two wavelengths; although, the apparent difference
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a)NO FLOW
INTERFEROGRAM

MAG =4.55

TRUE
END-WALL
LOCATION

b) INTERFEROGRAM
FOR RUN 714

P=3 torr
M=5

Figure 4. Flow and no-flow un-ionized boundary layer interferograms of run
714 for two wavelengths.
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in shapes of the‘experimental profiles shown in the figure 5 was typicall This
observed behavior can be attributed partially to a combination of errors in per-
tinant measured quanti\ties such as magnification and end-wall location. The

" subplot shown in figure 5 is an example of the method described above by which
one obtains the best value of 2/ from the data. The r.m.s. deviation of the
experimental data from the theory using various values of 2/ is plotted versus

72/ , and the value-yielding the minimum r.m. s. deviation is selected.

From these results, although admittedly a small sampling, it would
appear that the results of Amdur and Mason are validated, hence supporting
the interparticle force potentials used in their analyses. This conclusion
agrees more closely with references 1, 25, and 26 than with the work of
Bunting(lo) (Z/= . 668 t 02) whose basic technique is essentially applied in
the present investigation. For reasons which have already been suggested
and which are more fully described in the following section, Bunting"s(lo)
results and preliminary results of this author can be shown to be in accord
with present value of 2/ . The number of data points collected with the tech-
nique used here can thus be taken as considerably more than those shown in
Table 1. Moreover, this fact implies that the small scatter in the values of
2/ associated with this method (f .05) is retained, in comparison, for

example, to the heat transfer measurements of Camac and Feinberg(l) who

reported 2/= .76+ .03 for a large number of runs with a scatter of ¥ ,15.

3.3 Sources of Error. To evaluate the sensitivity of this approach

properly, one should determine the parameter d3¥// d (profile) which would
indicate for example, how much a uniform displacement of the experimentally

determined boundary-layer profile would change the resulting value of /.
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Although a general analytic expression for this parameter would be difficult ‘
if not impossible to obtain, certain qualitative comments are possible. Of
particular interest is the fact that only a small translation of the profile away
from the wall is necessary to increase significantly the value of )/ obtained
from the comparison with the theoretical profile, It can also be noted that

the sensitivity increases as the data extends more deeply into the boundary
layer. It was found from an examination of all the available data that an
approximate value for the above parameter with regard to a shift of the profile
relative to the wall is larger than 1 mm_lg that is to say, for a .1 mm shift in

the experimental data, the value of 2/ will change by . 10.

Now, it should be clear why an accurate location of the end~wall
relative to the profile is very critical in the data reduction. In the previous

(10)

experiments of - the present author and in Bunting's experiments , a systematic
error was incurred because the end-wall position relative to a reference was
located by its apparent position in a no~flow photograph and not by a separate
and precise measurement as described for the present case in Chapter II. The
systemic error incurred by the former technique results from the single edge
diffraction pattern formed by the parallel light and the edge of the end-wall. The
geometric shadow of the surface is thus masked by the "central' or first dark
fringe of the diffraction pattern (see for example reference 27, page 370.).and
the apparent position of the wall will thus be too far into the boundary layer
profile. That is an experimental profile such as that shown in figure 5 would

be incorrectly '"located" closer to the wall. Placing the crosswire references
in the end wall as described in Chapter I allows a completely independent

measure of the location. Previously a wire mounted outside the test section

was used as the reference in the interferograms. Thus any uncertainties which
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may have been associated with this fact are avoided because the cross wires

used here as the reference are in the plane of focus. From measurements of
photographs such as figure 4, it was found that the error incurred was on the order
of ,06 mm. This means that the resulting value of 2/ would be approximately

.06 too low. By considering figure 6, for example, which was taken directly

from reference 10, one can readily see that if the experimental profile is

shifted .06 mm farther away from the wall, the best theoretical fit would be

provided by the profile for /= .75,

In examining other sources of error, it was found that a +2% error
in the measured Mach number produced a -1.4% error in2/ , while such things
as a slight cooling of the free stream gas from its assumed constant temperature
had a negligible effect. In performing optical experiments in the presence of
density or refractivity gradients, the possibility of errors in the measured
fringe shift exists due to refraction of the light rays traversing the test section
normal to these gradients. References 10, 19, and 20 all give analyses to
determine the magnitude of this error, and in each reference it is assumed
that the light ray trajectories and index of refraction can be expressed as
power series in terms of the ray displacement. In the present analysis, the
theoretical boundary layer solution in conjunction with Fermat's principle was
used to solve for the light ray trajectory (assuming a point light source). The
results were then used in the appropriate equations to find the magnitude of
possible fringe shift error in the measured profiles. The details and resulis
of the analysis are given in Appendix A. The magnitude of the possible fringe
shift error is of the order of . 01 fringe, close to the wall, relative to the fringe
shift one would measure if there were no refraction. This is larger than the
results of reference 10, but still less than the assumed reading error of ;05
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fringe.

The present technique for making measurements of the end-wall
boundary layer without ionization appears to be established adequately enough
to justify proceeding to ionized boundary layer measurements. This contention
is based on the excellent agreement observed between the present temperature
dependence of argon thermal conductivity and that found by other investigations
employing heat transfer measurements. In addition, the present investigation
is supported by the results obtained via beam experiments in conjunction with
kinetic theory (Amdur and Masonll). The ionized boundary-layer experiments
were performed, and the results are discussed in Chapter V. Before proceeding
to those results, however, the complications arising from the wave interactions

occurring in the shock reflection process for ionizing argon will be considered.
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v
THE SHOCK REFLECTION PROCESS IN IONIZING ARGON

As indicated in the introduction, the shock reflection process in an ion-
izing argon gas is considerably more complicated than that which yielded the test
conditions discussed in the preceding chapter. In this chapter 1;he various inter-
actions as observed in streak interferograms are discussed in some detail, and
wherever appropriate, comparisons with previous investigations are given. In
subsequent sections the qualitative results for argon are compared with other
gases, and the measured time histories of the thermodynamic properties, in-
cluding the approach to equilibrium, in the reflected shock region are presented.
The notation used here to designate various regions of the flow field and wave
interactions differs only slightly from that introduced by Smith(z) and will be
explained in terms of a so called x-t (distance vs time) diagram of the reflected
shock structure. As explained in Chapter II, the streak interferograms pre-

sented here are, in fact, experimentally determined x-t diagrams.

All of the streak interferograms shown here were taken with the inter-
ferometer adjusted so that an increase in refractivity causes the fringes to shift
to the left or away from the wall, Therefore, when the density increases across
the incident shock, the fringes shift to the left, but when an adequate number of
electrons are produced or the density decreases, the refractivity decreases and
the fringes will shift toward the wall (see equation 2.4). Furthermore, all the
photographs are positive prints so that dark areas are unexposed and vice versa.
Consequently, in the cases where radiation from the test gas is significant, the
fringes will appear faded or overexposed. In addition, the reader should ignore
the bands of high and low intensity distributed along the time axis since these are
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caused by "'rin'ging'":in the exploding wire light source. In the following dis-

cussions, as many interferograms as practical will be shown,

4.1 Description of the?Reflection Process. To begin the discussion, figure

7 is presented as an example of an interferogram and an x-t diagram for the
reflection process at what has been termed "mild" conditions. The incident
shock appears in the lower pbrtion of the photo as a break in the fringes along

a line inclined to the wall, " Across this line the fringes shift away from the

wall by an amount corresponding to the density jump across the shock, the

value of the initial density and tﬁe particular wavelength being used. The re-
flected shock leaves the wall with a constant speed which is less than the speed
of the incident shock; it is therefore inclined at a smaller angle to the wall. - It
is iﬁentioned here that the point at which the reflected shock appears to leave the

wall is taken as the zero point for the time scale;

The slope of, the so called particle paths at any point in the x-t diagram
of figure 7 represents the fluid velocity at that point in the flow field; hence,
behind the reflected shock, it has zero slope with réspect to the wall.  In con-
nection Wﬁh the assumption made in the last chapter regarding the existence and
constancy of the theoretical conditions in the reflected shock region, it is noted
that the fringes after reflection remain straight and parallel to the wall. Further-
more, the measured fringe shifts from the conditions in 1 to 2F and from 1 to
5F agree exactly with the theoretical fringe shifts based on perfect gas cal-
culations for ¥ =5/3. In section 4.3.1, it is also shown that relaxation times
for conditions similar to those of figure 7 are on the order of hundreds of micro-

seconds.
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As the incident shock strength is increased, the density and temperé.ture
in the reflected shock region become so high that the time to achieve full
equilibrium behind the reflected shock is considerably shortened. Correspondingly,
the degree of ionization at equilibrium will become large enough so that the pre-
sence of electrons will be quite noticable in the interferograms. An interfero-
gram for conditions such that the equilibration behind the incident shock is only
slightly visible is shown in figure 8 along with a corresponding x-t diagram.,
Immediately after reflection, the state of the gas behind the reflected shock in

region 5F, and the speed of the reflected shock, U o correspond closely to

5
what one would obtain from perfect gas calculations. As occurs behind the
incident shock, the approach to equilibirum is characterized by the sudden on-

(2,5,6) Behind the reflected shock, this cascading

set of ionization equilibrium.
of the ionization process appears to occur in the last 15 to 20% of the relaxation
time, Z"5A , that is required to achieve full equilibrium, denoted 5E. The re-
flected shock ionization front, 15, appears in the infterferogram as a sudden
shift of the fringes toward the wall, After equilibration the fringes in figure 8
begin to slope away from the wall. This is an indication that recombination or

radiative cooling is causing a decrease in electron concentration, hence an in-

crease in the refractivity (equation 2.4).

For the example under consideration, the temperature decreases and
the density increases across the thin reflected ionization front by factors of
TSE/T5F~ .45 and PSE//O5F~ 1.7. In order to sgpply the necessary mass
addition for this density increase, an expansion wave originating at the point of
equilibration at the wall must propagate into the quiescent gas in region 5F. The
presence of such a wave system is clearly demonstrated by the fringe shift to~
ward the wall before the onset of equilibrium. Since there are not enough
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electrons present in this region to cause such a fringe shift, one must conclude
that it is caused by changeg in mass density as would ocecur through thé expansion
wave. As seen in the x~t diagram, the ionization front then acts {o bring the
fluid to rest again after it has been accelerated toward the wall by the expansion
wave,

The existence of this expansion wave was first hypothesized by Camac

@)

and Feinberg' ™’ in connection with their end-wall heat transfer measurements
in argon. However, on the basis of his calculations in conjunction with end=
wall pressure measurements in xenon, Smith(z) proposed that the reflected
translational shock was primarily decelerated by the heat sink action of the
ionization process distributed throughout the nonequilibrium region behind the
shock, In fact, from the present data for argon at higher Mach numbers and
for the few experiments done in xenon, it appears that both of these phenomena
have an effect on the reflected shock speed. Camac and Feinberg also pre-

- dicted that for sufficiently strong incident shocks, an inverse Chapman-Juguet

condition would result at the ionization front, I_ ; that is, the fluid would leave

5 ;
the front supersonically and be brought to rest by an additional shock wave be-
tween the front and the end=wall. However, no evidence of such a shock was

observed in any of the interferograms for the range of conditions considered

here.

Upon overtaking the reflected shock, the expansion wave causes a rather
sharp deceleration of the shock as can be seen in the interferogram of figure 8,
To further substantiate that this is the result of an expansion wave overtaking
a shock wave, one notes that the ffont of the expansion wave should propagate

at the frozen speed of sound in region 5F. To show that this is the case,
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figure 9 is presented wherein the quantity ©( /tan_l(vW/ aSF) is plotted versus
incident shock Mach number. The numerator of this ratio is the measured
value of the angle between the normal to the wall and a line drawn between the
point of equilibration at the wall and the point on the reflected shock where the
deceleration appears to begin. The denominator represents the direction in the
interferogram that would be followed by a disturbance propaga‘qing at the speed
Bsm the frozen speed of sound in region 5F. VW is the writing speed on the film.
Despite the fact that the measﬁrement of e is not very precise, the figure
shows that the measurements are in fair agreement with the theoretical value

of unity for this ratio. As implied previously, although an expansion wave.
system is visible in the interferograms obtained for xenon, the reflected shock
appears to be slowing considerably before it is overtaken by the expansion wave.
This was also the case at stronger conditions in argon, indicating that the heat
sink effect of the ionization process is already acting to slow the shock. The
snapshot interferogram of figure 10 was taken at a time indicated by the x-t
diagram below it and clearly indicates the presence of the fringe shift across

the expansion wave.

Because of the distinct difference in the thermodynamic and fluid
dynamic properties in the region bounded by the reflected shock, ionization
front, and the expansion wave system, the region has been denoted F5E. This
nomenclature has been chosen to indicate that the gas is still frozen but that
its state is a result of the equilibration to region 5E. The shock speed UFSE
may be closely approximated by '"quasi-steady'" reflected shock calculations
assuming frozen conditions behind the incident shock and equilibrium conditions
behind the reflected shock. (see Appendix B) The "non-reacting' state FSE may

then be obtained by frozen calculations across a shock of speed U + UZF(LAB)

F5E
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into conditions 2F. To illustrate that this is the case, a plot of the measured

and theoretical speeds U versus Mach number is shown in figure 11.

F5E
Although the scatter in the measurement is large, this figure is presented to
illustrate that the measured shock speed tends to be somewhat lower than the
theoretical values. This agrees with what one would expect from the measured
thermodynamic data presented in the following sections where it is shown that
the measured density P 5E is greater than the theoretical value. The fluid
velocities represented by the particle paths shown in the x-t diagram of figure

8 are scaled from theoretical calculations and as can be seen, are appreciable

in magnitude.

Before continuing, it may be noted that the speed of propagation of the
ionization front 15 is less than USF and approximately equal to UF5E . This
is consistent with the presence of an expansion wave for two reasons. First,
one might expect the relaxation process to take place at a slower rate due to
the cooling in the expansion wave; hence the longer relaxation time away from
the wall. Second, and more important, the particle time or residence time away

from the wall in the reflected shock region, 2.513 , is less than the laboratory

time, 2= 51, ° unlike what occurs behind the incident shock where

Top ~ (Por/P) T > Top
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This discussion is readily illustrated by the following sketch:

Tonization
Front \ \

Particle
Path

It should be obvious that one cannot measure the reflected shock speed by any
techniques which depend directly on the propagation speed of the radiation or
ionization front 15. Care must also be taken in measuring T 5P at any dis-

tance into the flow field.

As the incident shock strength is increased even further, the ionization
front 12 becomes visible on the time scale of the present investigations. The
shock attenuation may be considered negligible over the field of view and there-
fore, 12 will be traveling at the same speed as the incident shock U5. The
ionization front I2 bis a rather "thin' region as shown in reference 5 where
‘it is found that approximately 80% of the change in conditions from the frozen
state 2F to the equilibrium state 2E takes place in the last 20% or less of the

relaxation time T 9 The wave system resulting from the interaction of the

L°

reflected and incident shock structures is clearly visible in the interferograms
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of figure 12, Because of the added complications, the x-t diagram is presented

separately in figure 13,

A few words regarding the character of the interferograms in this

figure are in order. Both of the interferograms are taken at approximately

the same test conditions. The one on the left is of the usual type with the
fringes shifting away from the wall for an increase in refractivity., The inter-
ferogram on the right was taken with the interferometer initially adjusted for
an "infinite fringe' or "zero order fringe', and although impractical for quan~
titative measurements in these experiments, it is quite striking for its Visual-—
ization of the various wave interactions. The fringes on such an interferogram
represent contours of constant refractivity, or for the un-ionized portion of the
flow field, constant density. Where the gas is ionized, however, all one can
say is that the density and degree of ionization combine in such a manner as to
maintain a constant refractivity. As an example of these points, the fringe
shift across the incident shock in figure 12 (a) is approximately 1/2 fringe;
therefore, the infinite fringe interferogram in figure 12 .(b) changes from com-
pletely light to completely dark. The x-t diagram in figure 13 is a direct copy

of the patterns observed in 12 (b).

The incident shock ionization front is quite visible in figure 12 (b)
because the expected fringe shift across 12 for these conditions is . 2 fringe.
The reader will find small fringe shifts such as this more obvious in the regular
interferograms by sighting along the fringes rather than looking directly down
on the page. The state of the gas in region 2E may be obtained from normal
shock equations and the equilibrium equation of state as verified in reference

5.
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The nature of the interactions can be described approximately by con-
cepts applied in shock~shock interactions. When two normal shocks traveling
in opposite directions meet, each one is transmitted with a strength dependent
on the initial strengths of each wave. Thus since the incident shock ionization
front is a fairly steep density gradient, L 2E/ /OZF =1.43, it will be trans-
mitted as a compression wave, termed the "interaction wave in the x-t diagram
of figure 13. The reflected shock will also be transmitted but with a lower
velocity in the laboratory coordinates. It should be noted that a]though the re~
flected shock in these coordinates slows to zero and moves back to the wall as
it passes through the incident ionization front, its speed is still supersonic re-
lative to the gas behind the incident shock. The interaction wave propagates to
the wall whereupon it reflects and subsequently overtakes the transmitted re-
flected shock. The two waves coalesce into one shock traveling faster than
either of the initial waves. These interactions require the presence of a con~
tact surface, as shown on the x-t diagram, because the fluid along adjacent
particle paths has gone through different entropy producing shock waves. On
each side of the contact surfaces, the pressure and velocity are equal, but the
other thermodynamic variables may differ considerably. These contact sur-

faces are quite visible in the interferograms of figure 12,

The unusual trajectory of the reflected ionization front resultsi because
the electron concentration behind the incident shock is increasing before the
state 2E is completely attaiﬁed. The presence of these additional electrons
reﬂgcts itself in a decreased relaxation time behind the reflected shock.
Furthermore, because of the relatively high electron concentration at con-

16

ditions 2E (for this case, Nop = 3.7x 10 cm—3), the interaction between

the reflected shock, the reflected ionization front, and incident ionization front
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takes place in a relatively small region on the x-t diagram.

When the shock strengths were strong enough to show the incident
ionization front, it was possible to obtain simultaneous measurements of both
the incident and reflected shock ionization relaxation times. As a matter of
definition, the measured times TZL (laboratory time) was taken as the time
to achieve complete equilibrium after passage of the incident shock wave. This
time is indicated on the x-t diagram of figure 13. . The results will be pre-
sented in the next section. K was found that this time was approximately 15
to 20% less than what one would obtain from end-wall pressure measurements

which would sense the arrival of the interaction wave at the wall.

The interferograms of the present im)estigation substantiated end-wall
pressure measurements which have been obtained at similar test conditions.
An example of such an end-wall pressure history is given by the oscillogram in
figure 14. This pressure trace was taken from reference 28 in which a pressure

(3)

gauge of the Baganoff type' ’ was used. The occurrence of events at the end
wall and a comparison of measured to theoretical values are indicated in the
figure. As will be noted again later, the discrepancy between theory and ex-
periment for fhe pressure at 5E is in agreement with the present interferometric

measurements and the relaxation times from these traces are in agreement with

those reported here.

Another interesting feature of the flow field revealed by the interfero-
grams of figure 12 is the occurence of boundary layer separation behind the
incident shock. This phenomenon, commonly called "bifuraction,' results from
the inability of the fluid in the incident boundary layer to negotiate the adverse

pressure gradient presented by the reflected normal shock. This phenomenon
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is also shown clearly by the snapshot interferogram of figure 15. A criterion
for the occurrence of this momentum defect may be characterized by the ratio

of the boundary layer stagnation pressure to the stétic pressure behind the re-

flected shock, relative to reflected shock fixed coordinates. When this ratio is
less than unity, bifurcation will take place, as has been observed in the ex-

) and Byron and Rott(g) . Reference

perimental and analytic studies of Mauc'k(29
9 shows that the above criterion is strongly dependent on the gas’properties be-
hind both the incident and reflected shocks. In particular, the authors define

the following two ratios:

= he — hy
2 €r - e4

_ ha— hg_
fs = €3-€,

where h and e are the specific enthalpy and internal energy respectively and

the subscripts 1, 2, and 3 refer to initial, incident, and reflected shock con-

ditions respectively. It may be noted that for a perfect gas, these expressions
reduce to the ratio of specific heats. It is shown that bifurcation may be ex-

pected whenever M> 1.5 and X\3< 1.5. Itis also shown that bifurcation is more
likely for a polyatomic gas for which .4 9 is less than 5/3, its value for a monatomic
gas. Under the circumstances when the gas is monatomic and no ionization is

present, bifurcation was not observed in either of references 9 and 29 or
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Figure 15. Snapshot interferogram showing reflected shock bifurcation in
ionized argon.
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reference 30. However, when a significant amount of nitrogen is added to the
argon, bifur’cation is readily observable. This is demonstrated by the inter-
ferograms of reference 9 and the several streak interferograms made in the
present study for N2 and CO2 (see figure 18). The unusual occurrence of
bifurcation in the present argon data is attributed to the presence of a significant
amount of ionization behind both the incident and reflected shocks. This can be
seen most readily when the appropriate expressions for an ionized monatomic

gas are substituted into the above expressions for X\ and X\S’ of Byron and

2
Rott. For the equilibrium states corresponding to the conditions prevailing

in figure 12, one obtains X;-ﬁ’g 14 <1.5 « Because this change in properties
and)hence, the reduction in Pst/ P, are associated with the onset of equilibrium

in region 2, the bifurcation first occurs where the incident ionization front

encounters the reflected shock as shown on the x~-t diagram of figure 13.

The fact that the bifurcation effect seems to be propagating faster than
the reflected shock is not inconsistent with the results of Mark(zg) who showed
that the bifurcation extended several boundary layer thicknesses into the flow
and that its extent from the wall grows with the boundary layer thickness.
Therefore, a simple geometric consideration will show that the leading edge
of the bifurcation will travel faster than the reflected normal shock. This
discussion of bifurcation phenomena may be summarized by the qualitative
drawings in figure 16. The reader is reminded that bifurcation occurs on all
four of the shock tube side-walls and that the interferograms represent a

"view' normal to the side-wall of figure 16.

To summarize the discussions of the events which occur in the shock

reflection process as the incident shock strength is increased, a series of
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interferograms with increasing Mach number at P1 = 2 torr is presented in

figure 17. Unfortunately the incident shock was just missed in the M = 17. 2 case.

4,2 Comparison With Other Gases. As mentioned previously, several streak

interferograms were obtained in gases other than argon. These results are
presented here only to illustrate qualitatively some of the similarities and

differences in the reflection processes.

Six runs made with xenon showed that the shock reflection process was
basically similar to that for argon. It was noted, however, that the expansion
wave resulting from the equilibration behind the reflected shock was not the
only dominant factor causing the deceleration of the reflected shock. In fact,
the gradual curvature of the reflected shock {rajectory almost immediately after

)

reflection supports Smith's*™’ contention that the deceleration of the reflected
shock is due at least partly to the heat sink effect of the ionization process which
is occurring throughout the flow field in the reflected shock region. This effect,
as noted earlier, is more noticeable in xenon than in argon. Figure 18 (a)
shows one of the streak interferograms obtained in xenon. The relaxation

times, T measured from the xenon interferograms were compared to

5
Smith's correlation obtained with pressure measurements and were found to
be approximately 1.5 times larger. This discrepancy may be attributed fo a
slight difference in defining T 5 and to the fact that the present measure-
ments were made at considerably higher initial pressures and lower Mach

numbers. An inadequate number of data points were obtained here to make

any formal comparisons.

Interferograms were also obtained in N2 and CO2 and are shown

in figure 18 (b) and (c). These interferograms illustrate vibrational and
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Figure 17. A series of streak interferograms in argon for P1 =2 torr and
increasing Mach number.
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60



chemical nonequilibrium behind the reflected shock as can be seen by the fringe
shift to the right in (b) and the nonuniformity in (¢). (Note: in figure 18 (b),

the interferometer is adjusted so that fringes shift to the right for an increase
in refractivity in opposition to all the other interferograms which have been
shown here.) Reflected shock bifurcation is visible for both N2 and CO2
practically immediately after reflection. This is as one would expect from the
discussion in the last section which was based on the results of Byron and Rott(g).
Since the actual reflected shock speed in the presence of bifurcation may be
appreciably less than the theoretical speed, the interpretation of measured
reaction rates using sensors on the end wall should include this effect. In
particular, the reflected shock temperature jump will be different than expected
and particle paths behind the incident shock will not intersect the reflected

shock at the predicted space-time coordinate of an x~t diagram.

4.3 Time History of Thermodynamic Properties. The streak interferograms

of the preceding discussions and others like them have provided a means of
obtaining quantitative measurements of the time history of the mass density
and electron concentration behind the reflected shock. For reasons which
will be indicated, these measurements are restricted to one distance from
the wall and at the occurrence of particular "events' or relatively long times
after reflection where the flow field was apparently uniform. In particular,
it was not possible to measure the thermodynamic properties during the
approach to the equilibrium state 5E. Therefore, the interpretation of the
relaxation data obtained from the interferograms remains somewhat incom-
plete, but the applicability of the data to other shock tube investigations or to
the study of ionization relaxation in argon or other monatomic gases remains

uneffected.
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The thermodynamic data will be presented in section 4. 3.2 and the
relaxation data are presented in the following section along with a correlation

of the results.

4,3.1 Approach to Ionization Equilibrium. The production of electrons sub-

sequent to the initial passage of the translational or frozen shock wave is
generally agreed to take place through a series of distinct regimes wherein
different reactions dominate. (4,5,6) This description of the approach to
equilibrium renders the theoretical interpretation of a "relaxation time"
difficult. However, in argon or the other monatomic gases, the onset of
equilibrium is quite sudden and distinct and therefore the measurement of a
characteristic or total relaxation time is greatly faciliated because of its
simplicity of experimental definition. In particular, for interferometric
measurements, the attainment of full equilibrium, where the net rate of
production of ionized species is zero, is indicated by a sharp change in the
slope of the fringes. For the present experiments, the relaxation times 2‘2
behind the incident shock and T 5 behind the reflected shoch are defined
respectively as the times to reach full equilibrium after passage of the incident
shock and after shock reflection. T 5 is measured from the streak interfero-

grams by extrapolating the "back edge' of the ionization front, I. , to the

5 2
wall and measuring the distance (2"5 = distance/ VW) of this extrapolated point
from the point where the reflected shock leaves the wall. This is a direct
measure of the so called particle time because the particle speed is zero ad-

jacent to the wall. T the incident relaxation time in laboratory fixed co-

2L°
ordinates, is obtained by extrapolating the rear edge of the incident shock
ionization front, 12 , to the wall and measuring the distance from the point

of reflection to this extrapolated point. The measurement of ZEL is
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undoubtedly less precise than that of 7 5 - This is partly responsible for the
scatter exhibited in the incident shock data presented below. As a consequence
of transforming from a laboratory observation to an observation made relative

to the particles, the actual "residence" or particle time is defined as
Lo
Typ = / a4,

Since the present measurements do not provide the necessary density history
for the evaluation of this integral, an estimate of the particle time 'Ez was

made by the following equation:

Sar
Py

Top= 1.2 ToL

The factor 1.2 is introduced to account for density increase between the shock
and the attainment of equilibrium. () Smith(z)found this factor was more like
1.1 for case of xenon. With this correction applied, the particle relaxation
times are plotted in figure 19 in the form of Pl'z vs. 1/ TF where TF is the
theoretical frozen temperature behind either the incident or reflected shock de-
pending on the indicated origin of the data point. The incident shock results of

(5) )

Wong and Bershader' ’ and Petschek and Byron' ’ are also included for com-
parison where the laboratory times presented have also been corrected by the
above formula to obtain particle times. It is not clear that this is the proper
correction to use for Petschek and Byron's data since their results were based

on radiation measurements, and they measured TZL from shock passage to
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the point where the radiation intensity was half of its peak value. This fact

partially explains the longer times represented by the present data.

That this data should so closely form a single straight line on the semi~
log plot is remarkable when it is recalled-that there are several reactions which
sequentially dominate the approach to equilibrium. For example, in reactions
resulting from atom-atom collisions, one might expect to observe a 1/ P1 de-~
pendence of the parameter Pl'Z' ; whereas for reactions involving electron-
atom collisions, the temperature used in the correlation should be the electron
temperature, which would be closer to the equilibrium gas temperature. (2,5)
However, use of this latter temperature would also introduce-a- P, depéndence:

It is noted also that the frozen temperatures considered here range between

14000 and 700000K and initial pressures between 2 and 10 torr.

It may be noticed that there does appear to be a slight difference between
the incident and reflected shock data. The incident shock data shows consider-
ably more scatter. This is quite probably caused by the greater effect of im-~
purities on the reactions in thé early stages of the equilibration process. 4,6)
The reflected shock data on the other hand, has relatively little scatter and
appears to have a steeper slope (i,e., a higher activation temperature for the
composite reaction rate) than the incident data. This might résult, for example,
if a greater portion of the equilibration is due directly to electron-atom

ionizing collisions (T Act = 15,75 ev) and less to atom-~-atom inelastic collisions

ct
which raise one of the atoms fo an excited state (T Act = 11. 5 ev) followed by
ionization. This hypothesis is supported to some extent by the results of the

next section where it is shown that unlike the incident shock, there are already

a measureable number of electrons present immediately behind the frozen
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reflected shock.

In his work on xenon, Smith(z) proposed a correlation of the form

(Es ) e (£
P2 a kTs EXP K Tse

(=, +2)

in which E1 is the first excited state and T5E is the temperature correspond~

ing to region 5E. The apparent success of this correlation may have only been
fortuituous since this correlation parameteriis strongly dependent on-the initial

pressure, P. . Most of hig data was taken at P, =,5 torr, and this pressure

1

was used in determining T

1

5E foi,' use in the correlations. However, the
present results and Smith's P l'Z: data at other initial pressures showed little

dependence on P The present measurements of the thermodynamic properties

1°
at 5E in argon also show that the simple theoretical properties are in dis-
agreement with the measured ones. The question arises then as to the correct

value of T5 B to use in such a correlation,

No attempt is made here to explain the behavior of the experimental
data in terms of theoretical reaction rates. For the present, the data is given
only as a correlation useful in designing and performing other shock tube

experiments in which the times to attain equilibrium are of interest.

If one chooses to draw a single straight line through all the experi-

mental results of figure 19, the following equation is obtained:

PT = .59 exp (97_@)30)
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Transforming this data back to the original data plane results in figure 20 which

is more convenient for engineering application.

4.3.2 Thermodynamic Properties. As mentioned earlier, it was not possible

to obtain simultaneous interferograms at two wavelengths. It was also not
po‘ssible to obtain interferograms of 100 /,4 sec duration-~the time at which the
boundary layer measurements were to be made. Because of these difficulties,

it was necessary to obtain a series of interferograms for the first 40 /usec

after reflection and another series starting at 40 psec. By crossplotting the
results, the fringe shift at each of two wavelengths, a particular Mach number,
and an initial pressure could be obtained. Figure 21 shows two interferograms
at approximately the same conditions where the one on the left extends to 40 Lsec
and the one on the right is an interferogram extending from 40 JAsec to

100 usec. The fringe shifts from 40 to 100 /u sec are also plotted versus Mach

number and simply added to the measured shifts at 40 }J sec.

The reference conditions for these streak interferograms are the initial
undisturbed test conditions, so that the electron concentrations and mass density

are obtained from the simultaneous solution of

(/‘12"1) LA £ -N <l+ 1 7‘>\3,
51,2 A )\1,: ( & ) M "‘e%z(é 1611'30")

The following equations result from this solution:

P = P+ (1486 S,-1.1875,)(16 )
Ne= (L5745, - 2.0215,)(10")

67



103 ]

INC. SHOCK
PT,, =39  EXP(27000
K ( 72"')

2
107+ \éi -
\ ‘0\
P|'T - ’
(torr-usec) N
10 R
: 9 A\
AN AN
1 P & @g\ \0
1 €< 2 torr % AN
{1 0 )
A~ 10 REF. SHOCK
P Ts= .59 EXP(97.?::) o
| . ™ T
8 10 12 14 16 18
Ms
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Figure 21. Streak interferograms of shock reflection process extending to 100
microseconds after reflection (argon).
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Some of the fringe shift data are plotted in figures 22, 23, and 24. It is again
noted that the measurements are all made at 4 mm from the end wall where,
for all the conditions considered here, the reflected shock was still straight.
Measurements of the conditions in 5E at larger distances from the wall, say
7 or 10 mm, showed better agreement between theory and experiment by about
5to 10% . However, at these larger distances from the wall, the flow may or
may not have passed through a straight shock, depending on how strong the in-
cident shock was. Because of this "unsteadiness, ! considerably more data
points should be required. - In addition, the time scale of the reflected shock
structure for the stronger incident shocks is determined by the incident shock
relaxation times, which exhibit a significant amount of scatter. Thus, the gas
properties in region 5E at a larger distance from the wall may result frbm
the processing of different reflected shock speeds for the same incident shock
Mach number. Furthermore, side-wall,boundary-layer interactions and con-
tributions to the fringe shift are larger for larger distances from the end-wall,
hence longer times after reflection. Because of all these effects, the cross
plotting technique would not have been successful at larger distances from the

wall.

In figure 22 the theoretical fringe shifts represented by the dashed
lines show an obvious discrepancy across the frozen reflected shock wave.
This discrepancy is well outside the estimated uncertainty in reading the
fringe shifts and is due to the presence of a measurable number of electrons
immediately behind the "frozen" reflected shock. - It may be recalled that this
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was mentioned in the preceding section as being a partial cause of the slight
difference between the activation temperatures for the incident and reflected
shock relaxation data. The measured electron concentrations in region 5F

are presented in figure 25, The experimental uncertainty in these measurements
is quite large, but the magnitude of the difference in fringe shifts from the
theoretical should convince the reader that the electronic contribution is res-
ponsible for the difference. These large electron concentrations are also res~-
ponsible for the erratic behavior of thin=film,heat-transfer measurements

immediately after shock reflection for Mach numbers of the present magnitude.

The measured mass densities for region 5F are given indirectly in
figure 26 where the measured speed of the frozen reflected shock, U5F’ and

the speed calculated by substituting the measured densities into the equation

P CEs
5F _/;iﬁ_./é?:f
! p

are compared with the purely theoretical speed. In accord with the results of

references 25, 29, and 30, the measured speed U5 is less than the theoretical

F
value, Substitution of the measured densities yields speedswhich exhibit the
same trend as the measured speeds but are not as low. This is not disturbing
since the uncertainty in PZF/P'.L (\0%) and FEF//D:I. ( 5 %) produce a

large enough uncertainty in U5F (21% ) to encompass the directly measured

speeds.

The measured densities and electron concentrations in region 5E are
shown in figures 27 and 28 and the resulting temperatures and pressures ob-
tained by assuming equilibrium and a Debye-Huckel Saha equation (see Appendix B)
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are shown in figures 29 and 30. Included in these figures are the results ob-
tained from the one dimensional equilibrium calculations given in Appendix B
where the Debye-Hlckel model is used. In the calculations of Appendix B,
several forms of the Saha equation have been employed in order to give a
measure of the various lowerings of the ionization potential resulting from
electrostatic effects. The Debye-Hiickel model was selected for comparison
with experiment because of its internal consistency and because it satisfies

certain limiting conditions as discussed in the appendix.

It will be noted that the measured properties are all higher than the
theoretical ones. This not explainable in terms of éxperimental uncertainities
or systematic errors. An example of a systematic error is that the side-wall
boundary layer may be affecting the results to some extent, but if it were a
significant factor, the electron concentration would be too low while the density
would be too high. The explanation for the discrepancy, rather, lies in the
"unsteadiness' of the actual reflection process. By considering the following
sketches, one can see from (a) that the mass density in 5E is determined re-
lative to the initial density by the expression /OSE = (Xl/ XSE) ﬁl. The term
"quasi-steady' has been applied to the theoretical calculations depicted by the

model in sketch (b) because it assumes a constant reflected shock speed.
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Since the velocity next to the wall must be zero from the instant of reflection,

there is no relaxation zone in the theoretical model, and the particle paths are
. . .

1’ the distance Xpp 18 less than X

reflecting the higher density in the actual case. Without these considerations,

as shown. For the same distance x

however, the fact that the gas is processed by a stronger shock, U than the

5F’
slower theoretical shock speed corresponding to frozen conditions in 2 and
equilibrium in 5 should lead one to anticipate a higher than theoretical den-

sity.

The comparison that was made with end=wall pressure measurements in
figure 14 showed that the higher than theoretical pressures obtained in the
present study are substantiated by the pressure traces. The magnitude of
the discrepancy between the experiment and simple theory is also in good
agreement between the present diagnostic technique and the pressure measure-

ments. Specifically, the theory is approximately 13% below the pressure
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measurement and approximately 15% below the interferometric measurements.

- The fringe shifts at 40 and 100 /(sec after reflection exhibit a rather
unexpected behavior. In figure 24, for example, the fringe shifts at 100 (U sec
are shown to attain a minimum as a function of Mach number. The Mach number
at which the minimum occurs increases with decreasing pressure. This be-
havior is attributed to the arrival of the interaction wave within the period of
measurement. From these measurements, it would appear that the recombina-~
tion processes are so enhanced by the increased pressure resulting from the
incidence'a;fui reflection of the interaction wave that the expected increase in
electron concentration is quickly negated. One might fully expect, however,
that as the Mach number is further increased, this trend would be reversed.
Several other phenomena may also be affécting the measurements at these
longer times after reflection. Attenuation of the incident shock and irreversible
losses! such as radiative recombination in the ionized region' 2E should
certainly affect the thermodynamic properties since these effects can propagate
along characteristics toward the wall from the reflected shock. Another
serious effect which can not be simply evaluated is the bifurcation of the re-
flected shock, as discussed earlier in this chapter. This phenomenon would
be manifested by a rather thick separated region similar to that sketched in
figure 16, To comment on the direction of the related error incurred by the
optical measurements would require a knowledge of the state of the gas in the
separated region relative to the "free stream". In connection with this separated
region behind the reflected shock, it may be noted that there is a likelihood
of gradients in refractivity normal to the light rays. These gradients would

certainly cause indeterminate errors and might even be responsible for the

83



fringe "waviness" in the stronger shock cases.

In a similar connection, the presence of side wall boundary layers can
cause serious systematic errors which are again difficult to evaluate. An
estimate of the possible error resulting from the side wall boundary layer is
made in Appendix A where it is shown that the measured density may be 20%
too high and the electron concentrations only a few percent too low. No
corrections were made to the measureﬁents, however, since the extent of
some of the effects could not be determined and might well tend to cancel the

above boundary layer error.

The thermodynamic properties obtained from the measured fringe shifts
at 100/usec after reflection are given in figures 31, 32, 33, and 34. The pro-
perties at the edge of the boundary layer were obtained from these figures for
the corresponding Mach number and pressure at which the boundary-layer snap-

shots were taken.,

Figure 35 shows a time history of the measured thermodynamic
properties for the particular case of M = 11 info 5 torr. This figure gives
some estimate of how the radiative cooling affects the reflected shock gas
properties and indicates that the cooling plays a dominate role in the long time
history of the reflected shock properties. Althdugh it has not been done here,
the present data may be considered in terms of theoretical models for the

radiative emmission from shock heated argon.

Now that the shock structure has been studied and the thermodynamic
properties measured to reasonable accuracy, we are in a position to evaluate

the boundary layer interferograms obtained for an ionized gas.
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Figure 31. Reflected shock densities at 100 microseconds after reflection.

85



10'8
,;; ()
e A
(X
©
2| ] \
Q . T
o .7
T e / X X AV
- ~/ — \ L y S
= ' i
=
NOM. UNCERT. P
+30 % <> 2 torr -
11 © 5
1 A 10
ARGON
T,=297 °K
16
10 0 1 12 13 14
9 1 Ms
Figure 32. Reflected shock electron concentrations at 100 microseconds after
reflection.

86




200

VN

torr

[
>OO
=]

100 psec

100 25////

PR AT t
~
\

R

ARGON
X
oj%?;/ T)=297 °K
50 9 10 n 12 13 14
Ms

Figure 33. Reflected shock pressures at 100 microseconds after reflection.
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IONIZED BOUNDARY LAYER RESULTS

5.1 Théoretical. Experimental results have been obtained for the end-wall
thermal layer for the case of an ionized "free stream' using techniques similar
to those already described for unionized argon. Previous experimental investi-
gations in the’ionized regime were concerned with heat transfer rate measure-
ments at the wall, The results presented in this chapter therefore represent
the first successful attempts at experimentally resolving the variation of
electron concentration and mass density through an ionized boundary layer. The
experimental boundary layer profiles will be compared with calculations based

(12)

on the theory of S. Knoos The primary discrepancy between theory and
experiment occurs in the electron concentration, and, as will be shown, is
probably a result of the failure of the present theories to adequately describe

the physical problem.

The theory of end-wall heat transfer in a monatomic gas including

(22)

ionization effects was first considered by Fay and Kemp Their analysis
was concerned primarily with determining the surface heat flux, and they
considered three limiting cases for which similarity solutions were feasible,
namely: (1) no ionization; (2) complete thermodynamic equilibrium behind the
reflected shock and in the boundary layer; (3) thermodynamic equilibrium be-
hind thé reflected shock, but no gaé—pﬁase recombination in ‘the boundary layer,
i.e., frozen boundary layer. Their analysis took no account of radiation effects
on either the freestream or boundary layer properties and neglected any plasma
""sheath' effects. It might also be added that models (2) and (3) above do not

necessarily provide the bounds for a general thermodynamic and chemical

nonequilibrium calculation.

As previously noted, reference 22 reports on the analytic results for

the surface heat flux but gives no boundary layer 'profiles." The heating rates
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to the end-wall were of primary interest to them because they were to provide
the basis for comparison with the heat transfer experiments of Camac and

(1)

Feinberg The latter used an infrared detector gauge to measure the hea‘g
transfer rates to a shock tube end-wall in the presence of ionized argon. The
agreement between their experimental results and those of this study for the
undonized case has already beenv discussed in Chapter III; however, it is of
interest to this discussion to note that Camac and Feinberg saw no change in
surface heat flux When equilibrium was attained behind the reflected shock. |
This meant that, the experimental results for the heat flux in the jonized regime
were higher than the‘ theoretical predictions. It would appear from their dis-
cussion that one should use caution in drawing major conclusions from this re-
sult. However, one contributing factor is already cﬂear from the results of
Chapter IV, namely, that the freestream properties (conditions at 5E) used in
their calculations correspond closely to the curves marked theory in figures 27,
28, 29, and 30. From these figures, one can readily see that the actual condi-
tions are generally more severe,-and so one might reasonably expect a greater
heat flux for the actual conditions. In view of the present results, however, it
is more than likely that this unusual result is also partially due to the over-
simplification of the problem. The fact that they noticed no change in the heat
transfer signal until the arrival at the wall of the interaction wave implies that
the onset of equilibrium represents no large perturbation on the boundary layer
development, One is then at least partially justified in assuming that the ionized
boundary-layer profiles measured in the present experiments at t= 100 /L(sec
after reflection arei» unaffected by the unionized boundary layer prevailing for

O0<t< Zg , where Ty << 100 _Msec.

Camac and Feinberg did find a significant increase in surface heat flux
upon arrival of the interaction wave at the surface. This indicates a significant
change in free stream conditions and boundary layer profile. Because of
experimental limitations, it was not possible in this investigation to determine

the exact effect of this pressure wave on the thermal layer growth. To avoid
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this unknown, the present measurements were made at conditions such that
’ZZL::: 100 /«sec so that the effect was negligibley’. This also avoided what
appeared to be nonuniformities in the reflected shock region for stronger incident

shock conditions. (See the interferograms of figure 17 for example.)

In reference 31, Camac and Kemp have attempted a multitemperature
solution of the thermodynamic profiles for the end-wall boundary layer including
chemical nonequilibrium. Because inclusion of these considerations renders a
similarity solution impossible, they were only able to report the results for one .
case of frozen chemistry but including the poof energy transfer between the
lighter electrons and heavy particles fhrough elastic collisions, i.e., atwo
temperature boundary layer. The paucity of restﬂts in their report makes it
impossible to draw any conclusions by comparison with the experimental results

of this investigation,

Km‘)'b's(lz) considered the shock tube,side-wall boundary layer and the

Rayleigh problem for the case of ionized argon. His treatment of the end—Wall
boundary layer is a special case of the Rayleigh problem with the wall velocity
equal to zero and is essentially similar to the equilibrium analysis of Fay and

22
Kemp( )

, although the latter were concerned only with the heat flux. The
theoretical boundary layer profiles of Knoos are used for comparison with the
profiles obtained in the present experiments. Only a brief outline of the theory

including essential results will be given here.

The conservation equations used for the equilibrium,ionized boundary
layer are structurally similar to those used for the unionized boundary layer of
Chapter III, except that the energy equation includes the effects of species dif-
fusion., If we let Ci’ hi’ and ’V: be the mass concentration, enthalpy, and
diffusion velocity of species i respectively, then the conservation equations

become
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30 d(PV) _ | (6-1)
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5.2
oh . ,3dh _ b_I pcthvi| 7
St U dy y /° oY
If the bracketed term on the right in the energy equation can be written in terms-

of a total conductivity so that

7= ~Kear Sy -

then the equations are amenable to a similarity analysis in terms of a new

variable defined by

. \/2 ,
= L[l [Py

The single ordinary differential equation

dH +d (PKtO‘t‘CPOOdH =0 (5.5)
rzd”l dn \ LKtoteCp dN

is then obtained where
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H= P
= hoo__hw = (5. 6)

and for which the boundary conditions are taken as (for t > 0)

H (O'J‘t).‘: o]
(5.7)

H(mlt) =1

The analysis proceeds by matching inner and outer solutions and interpolating
for the transport properties in the boundary layer. The expression used for

the total thermal conductivity is

o (1—X) | pls . L
Kiot = K+ —z Dnmb‘-'f—‘['z + KT] (5.8)

where Damb’ I, and K are respectively, the ambipolar diffusion coefficient,
the ionization potential (15,75 ev), and the translation thermal conductivity of
the mixture of electrons, ions, and neutrals; the latter quantity is obtained from
the individual components through a mixture rule. The rest of the details of

the analysis and calculations are not included here. However, it is worth noting

again the most important assumptions made in this theoretical approach:

1. Thermodynamic and chemical equilibrium, i.e., the electrons
and heavy particles are at the same temperature and the
com*position and temperature are related by the Saha equation.

2. Radiation effects in both the freestream and boundary layer
are neglected, i.e., no variation of free-stream properties
due to radiation cooling and no absorption or emission by the

boundary=layer fluid.
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3. The wall is at a floating potential, i.e., no net current to the
wall. ‘
4. The general assumption that the calculated transport properties

for a partially ionized gas used in the analysis are correct.

The assumption of charge neutrality and ambipolar diffusion in the boundary
layer is also made. This assumption appears to be well justified by the small
Debye length in the boundary layer, i.e,, 10-5 mm. Deviations from the four
assumptions already listed above, however, are believed to be primarily re-
spongible for the discrepancies between theory and experiment discussed in the

following section,

5.2 Experimental Results. The experimental results for the end-wall,

boundary-layer profiles for the case of ionized argon are obtained in a manner
similar to that for the undonized case as described in Chapter III. The primary
differences are the manner of data reduction and in the fact that the free-stream,
reference quantities ( Lo and Ye,, ) are obtained from the measure-

ments presented in Chapter IV,

Figure 36 shows two snapshot interferograms of the ionized boundary
layer in argon formed on the end wall of the shock tube. These snap shots were
taken 100 M sec after shock reflection, as were all of the results shown in this
chapter. The interferogram on the left could, of course, be used for quantitative
measurements; however, the spatial resolution is not as fine as that obtainable.
from the usual type shown on thé right and is presented only to illustrate the
extent of the boundary layer. It may be noted that the boundary layer thickness
is on the order of 1 mm and that the fringes shift upward as one moves toward
the wall, indicating the increase in refractivity. The time of t = 100 /,(sec
was selected to provide a spatially resolvable boundary layer and to be within
the test time in the reflected region. The experiments, furthermore, had to be
done at strong enough conditions that there were enough electrons present to be

of interest and yet be weak enough to have a relatively long;incident-shock - -
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Figure 36. Snapshot interferograms of ionized end-wall boundary layer in argon.
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relaxation time. This latter criterion has already been mentioned as being
necessary to avoid the complications arising from the presence of the interaction
wave. From the interferograms, it was noted that if Z';'_L:) -40 /usec, the
interaction wave was very weak so even if 2‘2\_ was somewhat less than

100 /u sec, it could still be considered to have a negligible effect on the boundary
layer. Due to the difference in relative time scales, it was possible to do

experiments with Ty~ 100 ﬂsec and still have 2}_)—(( 100 ﬂsec.

The fringe shift distribution for each wave length is obtained from an
interferogram like that on the right in figure 36 in exactly the same manner as
described previously for the unionized boundary layer. Because the fringes for
each wavelength are not at the same distance from the wall;smooth curves had
to be drawn through the reduced fringe shift data in order to obtain simultaneous
fringe shifts at the same space coordinate. This procedure is illustrated by
one example in figure 37. It should not be disturbing that the two fringe -shift
curves lie s0 closely together as this simply results from the increased sensi-
tivity at the longer wave length because of the presence of electrons. For the
same mass density profile with no electrons present the fringe shifts for the
long wave length would be lesser than for the short wave length by the ratio of
the two wave lengths. A consideration of the following data reduction equations,
derived from equation 2. 4, will further convince the reader that there is nothing

disturbing about figure 37.

L =1+ A1A2B. S, ">\2_A1B152 -1+ 1.523 51"‘1;222.52_
Feo L(BZ."BJ.)AIA:L Lo Seo (\04')

Ne _ {- A2A152->\1,A2_51 -1 2.05'652'1.6115_1_

_n—e.w_ L<52‘B‘1)A'A2 Neg kneoo (‘0-17)
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In these equations the subSCripts 1 and 2 refer to quantities evaluated or measured
at A, =4530 8 and A = 5720 & respectively, and the quantities _Pas
(gm/ cm3) and Ne , (cm™3) are obtained from figures 31 and 32 of Chapter IV.

Unlike the un-ionized studies of Chapter III, a radiation stop had to be used
for the ionized boundary-layer experiments to prevent the test gas radiation
from "washing out' the interferograms. Unfortunately, the edges of the radiation
stop, placed near the focal point of the field lens acted like a Schlieren knife edge
blocking out light rays which had been deflected by the refractivity gradient in
the boundary layer. This had not been anticipated, and so the first attempts
were unsuccessful because the boundary layer appeared as a shadow which was
first thought to be due to the crowding of the fringes in the boundary layer.
However, analysis indicated and trial and error verified that for the dimensions
and test conditions used, the light passing through the boundary layer as far as
. 8 mm from the wall was deflected at the focal point of the field lens by as much
as 3-5 mm. The problem was alleviated by opening one side of the radiation
stop and blocking off that half of the test section field of view that was of no
interest (away from the wall) with a piece of black paper. An indication of the
radiation intensity from the test section was exhibited by the charring of the
paper mounted just outside the test section windown and the resulting deposition

of char vapors on the window itself.

The results from three ionized boundary layer experiments are presented
in figures 38, 39 and 40 along with theoretical curves obtained from the analysis
of reference 12 outlined above. Note that the two measured quantities are the
density and electron concentration normalized by the free stream values, The
degree of ionization plotted in the figures is obtained from X = Ne My / /9
The experimental uncertainty in the results was calculated at .3 mm fx:om the
wall and is indicated by the horizontal and vertical bars in the figures. These
uncertainties are based on an overall fringe shift error at each wavelength of
+

- .1, uncertainties in the free stream properties corresponding to those shown

on figures 31 and 32, and wall location of *.015 mm. If one considers the
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uncertainty in the time after reflection as * 4 /‘qsec, an additional error of
only a few percent would appear in the distance coordinate with negligiblé error
in the dependent variables. It is readily apparent that the experimental un-
certainty does not make up the discrepancy between theory and experiment, and
one must therefore look to the theoretical treatment for the source of the dis~

agreement.

5.3 Discussion of Results. The experimental results shown on the figures

in section 5. 2 correspond to the free stream properties measured at 100 /Asec
after reflection. The theoretical curves are based on the assumption that these
properties prevailed from time zero. A rough estimate of the effect of varying
free stream conditions in the theory might be obtained by performing the calcu~
lations with the conditions at the onset of ionization behind the reflected shock.
This means using the properties at 5E instead of those at 100 /u sec as inputs
to the analysis. The results of doing this yielded very little difference between
the two sets of theoretical curves. Although it is true that this approach is
artificial, it is taken to imply that varying free stream conditions is not a main

source of the discrepancy.

The assumption of local thermodynamic equilibrium and a one temperature
boundary layer may be subject to question. In particular, one can calculate a
temperature profile if the Saha equation is used in conjunction with the measured
values of & and ,© through the boundary layer. And if this derived tempera-
ture along with the measured values for o( and o are used to compute a
pressure with p= (1+0()/ORT one finds that the pressure does not remain con-
stant as one approaches the wall, as is generally assumed in boundary layer
analyses. In fact, the pressure increases monatonically to factors as high as
2.0 and 1. 2 times the free stream pressure for initial test pressures of 2 and 10
torr respectively. To arrive at the assumption that the pressure is constant
through the boundary layer, one usually makes an order of magnitude comparison
of the various terms in the momentum equation normal to the surface. In view

of the fact that the gas is highly ionized, it may no longer be true that the body
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forces acting on the fluid are negligible, and therefore, even though the induced

velocity in the boundary layer is small, adequate body forces (arising from

induced electric fields) may be acting to support the negative pressure gradient
d P/ d y - This is conjecture, hoWever, since the full equations including

the normal momentum equation would have to be solved to obtain verification.

It seems much more likely at this time that the reason for the unexpected
behavior of the derived pressure is that the assumption of equilibrium is invalid
over a large portion of the boundary layer. A proper criterion to determine
whether chemical equilibrium prevails in a particular flow situation will allow
a determination of whether or not the rate of production or depletion of the
various species through collisions can keep up with the rates due to gradients

(12)

in the flow process. Such a criterion was used by Knoos in the ambipolar
region of the boundary layer by considering the electron continuity equation to
compute ( bne/ a‘t)/ Ne and then comparing the result with the "available

number of collisions'', Qavails resulting for the three body recombination re-

action

e+e+A—e+A+hy

Equilibrium is then assumed if the following criterion is satisfied

Qo.vai | | t+ Qavai |

1 /anhe T fonv_ ~diff
(3R A&

and leff are respectively measures of the local loss of electrons

>> 1

conv
where Q

due to convection and diffusion, t is the time after shock reflection, and

ovail 2
Q = Krec “e

| 6
-32 134000 s _cm-
e 13 5%+ 209 1200) ;22
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The denominator of the above expression has been computed along with the other
properties in the boundary layer profiles and a check on the above criteria made.
The results indicate that for the entire 100 A sec, even at relatively large
distances from the wall (e.g., 80% of the boundary layer thickness), the above
criterion is not satisfied. Note that for longer times, the equilibrium criterion
is more easily satisfied, but its use is questionable since the denominator is

calculated based on the assumption of equilibrium during all stages of development.

With respect to the question of temperature equilibrium between the
electrons and heavy particles, it is generally argued that because of the disparity
in mass between electrons and heavy particles, M p / Me ~~ 105 collisions
are required for equilibration to a single temperature for the two components.
For a stationary gas, one criteria for temperature equilibrium between electrons
and heavy particles is that the atom temperature shall change very little over a

distance L where L is now given by

4~
. 5Ta / Ta
L

For the present purposes, a conservative estimate for the mean free path ) )\ )

1
~ Srad (ln TA) K IEE/Z";\

would yield 1 mm_1 for the right-hand side of the inequality. This says that to
maintain temperature equilibrium, the atom temperature should not change much
over distances of the order of 1 mm. Since the boundary layer thicknesses are
on the order of 1 mm, one might reasonably expect that the above criterion

~ would not be satisfied close to the wall where the gradients are steep, For
example, in the only solution presented in the two temperature analysis of

reference 31, the electron temperature at the sheath edge was still 50% of the

free stream value:
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The nature and extent of a plasma sheath at the wall in the present
problem is also not well understood. One usually assumes that there is a
thin region adjacent to the wall with a thickness on the order of the Debye length
h= (E'o K_re / ez ne)ﬁ/z in which space charge effects dominate. Using the
measured values closest to the wall for D, and assuming TeAJ .5 Tep
results in h» 10"5 mm, In this region, Poisson's equation is applied with
the assumption of no net current to the wall, Itis furthermore generally assumed
that the surface otherwise represents no large perturbation on the fluid, e.g.,
no heat transfer, and that the problem is "steady, " i.e., no time derivates. It
is immediately apparent that these last two assumptions ’are not valid in the
present case; and that therefore, one cannot reasonably expect that the net
current to the wall will be zero. The resulting effect on the boundary layer
profile is not clear except that now one may not realize the assumption of charge
neutrality at the edge of the sheath. These last remarks are made only to
indicate further the great complexities which prevail in the ionized boundary
layer adjacent to the grounded end-wall of the shock tube. They are also made
to indicate where the causes might lie for the unusual behavior of the electron

number density profiles near the wall for the case of P, = 2 torr (figure 39).

1
Initially, it was anticipated that the present measurements would give
some indication of the values of the transport coefficients in a partially ionized
gas. It is now apparent, however, that the complications already discussed in
this section severely cloud the sole issue of thermal transport. Therefore, an
analytic variation of the transport'properties to obtain agreement with experi-
ment, as was done for the undonized case, would be of dubious value. It may
have been noted from the figures that reasonable agreement exists for the
density profiles -~ at least in the outer region of the boundary layer. Since
this parameter rather than the electron concentration will reflect the values
used for the total thermal conductivity more strongly, one might assume that
the theoretical values for the transport properties are at least reasonable even

though the state of the gas may be slightly out of equilibrium. To compare the
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values for the total thermal conductivity used in the analysis of Knoos with others,
it is noted that those of Knoos are a maximum of 30% lower than the values given

(32) in the temperature range of 10000-20000°K. Although he did not

by Devoto
compute a total thermal conductivity, Ahtye' s(33) results for the mixture transla~
tional thermal conductivity and ion-atom diffusion coefficients are the same as
Devoto! s. Since the ambipolar diffusion coefficient is closely approximated by
twice the ion-atom diffusion coefficient, these two references (32 and 33) would
have been in agreement on the total thermal conductivity, as may readily be seen
from equation 5.8. Devoto compares his results with the arc measurements of

Knopp and Cambe1(34) and finds relatively good agreement although the theory is

on the order of 10 to 20% lower.

The experimental results of this study have shown that the present
theories do not adequately describe the end-wall boundary layer for ionized argon.
It appears from a comparison with one of these theories that the causes of the
discrepancies can be attributed to the inapplicability of the basic assumptions
listed earlier in this chapter. The task of providing an adequate theory to agree

with the present experiments has been left for future efforts.
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VI
SUMMARY AND CONCLUSION

The experimental results reported here have been concerned with two
rather distinct areas of investigation. The initial motivation for studying the
shock reflection process and the time history of thermodynamic properties in
the reflected shock region was provided by the need to know the free stream
properties at the edge of the end-wall boundary layer. The boundary layer
studies were performed for both an ionized and unfionized free stream. The
results for the latter case were found to agree very well with theory based on
the assumption that the thermal conductivity for atomic argon is proportional to

the local temperature raised to the 3/4 power.

The application of two-wavelength time-resolved interferometry as a
diagnostic tool provided a quantitative measure of the equilibrium mass density
and electron concentration in the reflected shock region. These results were
found to be systematically higher than those predicted by "quasi-steady" reflected
shock theory, i.e., constant reflected shock speed, in conjunction with a modified
Saha Equation. When no ionization took place, the thermodynamic properties
were found to be in excellent agreement with simple perfect gas theory. Radia-
tion cooling was found to have a significant effect on the properties for times on
the order of 10's of microseconds as shown in figure 35. The interferograms
also provided an informative visualization of the shock reflection process, and
a significant portion of this report was devoted to interpreting the observed non-

equilibrium wave interactions resulting from the onset of ionization.

The nature of the shock reflection process in ionizing argon was discussed
in terms of x-t diagrams which showed the trajectories of the incident and
reflected shocks along with the associated ionization fronts. It was found that
the initial reflected shock speed is less than that predicted by perfect gas calcu-

lations, and that there are a significant number of electrons immediately behind
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the frozen reflected shock. The reflected shock is further decelerated when it
is overtaken by an expansion wave originating at the onset of equi.libyrium at the
end-wall. The incident shock ionization front was seen to be transmitted
through the reflected shock as an "interaction pressure wave' which propagates
to the end-wall; whereupon it is also reflected. The reflected interaction wave
then overtakes and coalesces with the transmitted reflected shock. The inter-
ferograms also show clearly the existence of contact surfaces separating re-
gions of the flow field where the gas has been processed by different entropy
producing shock waves. For the stronger incident shocks, the reflected shock
region appears to be non-uniform after the interactions are complete, as
exhibited by a waviness in the interference fringes. ' It was postulated that
these non-uniformities were partially caused by the occurrence of \reflecte‘d
shock bifurcation and the associated separation of the incident shock side-wall
boundary layer. The unexpected presence of bifurcation in argon was found to
be associated with the onset of ionization behind both the incident and reflected
shocks. A few rotating mirror interferograms were taken for gases other than
argon for purposes of comparison, and it was found that the reflected shock

structure in xenon is basically similar to that in argon.

Knowing the free stream conditions from the streak interferograms, the
ionized end-wall boundary layer was studied in a manner similar to that used
for the un<ionized boundary layer. The results for the ionized boundary layer were

(12)

then compared with the theoretical analysis of Knoos The experimentally
determined electron concentrations in the boundary layer for each of three initial
pressures were found to fall off less rapidly from the freestream values than

the theory predicted. The theoretical analysis assumes complete thermodynamic
and chemical equilibrium in the boundary layer as well as constant freestream
properties. However, it was shown that the criteria for the existence of these
conditions were not satisfied and that nonequilibrium effects are probably the

main reason for the observed discrepancy. It was also noted that failure of the

theory to account for radiation absorption in the boundary layer may contribute
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to the disagreement. No attempt was made to correlate the transport properties
for the ionized boundary layer because of the apparent inapplicability of the

present theories.

The experimental investigation reported‘here has provided a considerable
amount of data which may provide the basis for future theoretical efforts. In
particular, a flow field analysis of the reflected shock region in conjunction with
the streak interferograms would yield additional information on the rate processes
leading to ionization equilibrium. The basic techniques used here may also be
applied to the detailed study of more complicated gases. Perhaps of greater
interest would be the construction of a more realistic ionized, boundary-layer
theory which would account for the above mentioned nonequilibrium effects. Such
an analysis would then allow a comparison of theory and experiment to evaluate

the transport properties of an argon plasma.
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APPENDIX A

EFFECT OF REFRACTION AND WINDOW BOUNDARY LAYER ON

INTERFEROMETRIC MEASUREMENTS

Al Refraction. From Fermat's principle and the equations of variational
calculus, one can show that the governing equation for the trajectory of a light

ray through an inhomogeneous medium is

i i ' ‘ 1 ,
S amd/u sine A1
where R is the radius of curvature of the light ray, /.4 is the index of refraction
in the medium, and & is the angle between the tangent to the trajectory and
grad /4 . Now consider the following figure appropriate to the conditions in

the end—wall)boundaryhlayer studies.
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This figure, which is a vertical view of the test section, illustrates that be-
cause the density increases and, if ionized, the electron concentration ae—
creases as y approaches zero, the refractivity, W -1), will increase in the
same direction and cause the light ray to bend toward the wall. For a two~
dimensional problem such as this, the above equation for the light ray EF

becomes

n

rerclb b )

where the primes indicate differentiation with respect to x . This equation
can be solved numerically for a known boundary=-layer profile since we know
the relationship between /bl and /O and n, from equation 2.4, In particular

for each of the two wavelengths in an argon plasma

(u-1)= 160 g5 ~59516™) 02 | 5 ) = 4530 &

A3

(U-1)7 459 R, [—é - 945 (10'22)/.%:;} j A=9 7205\

It is also useful for the following material to integrate equation A.2 once to

obtain

g =1 y® s
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where use has been made of the boundary conditions

f= e

y'= 0 at Yy=Jde »X=0

In this analysis we are interested in the magnitude of the difference in
what the fringe shift would be if no refraction were present and what the theo-
retical measured fringe shift would be for the same theoretical \boundary layer
profile. To do this we choose to compute each of these separately and substract
the theoretical measured values with refraction from the theoretical values with

no refraction.

Consider the following optical path lengths

Q
W 2= f /uAS A.5
e
where ds is the elemental geometric path length and the subscripts 1 and
2 refer to integration from the source to the same point @ in the image plane
through the interferometer test beam and compensating beam respectively.
Then if the coordinate in the image I;Iane is denoted by ¥ , one can see from
the principle of interference that interference fringes of order N will be
formed in the image plane at points where the difference '\V 1 —\Vz_ is equal
to N vacuum wavelengths of this incident light. That is, the fringe dis-

tribution is given by

N@=4 W@ -] As
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Now, if an inhomogeneity in refractivity exists in some region of the field of
view, a new distribution of fringe order will result. Denoting the new dis—-
tribution by N(7 ) and the original undisturbed distribution by No(j'f ) , we can
write for the so calléd "fringe shift" or change in the order of interference at

a particular point @
S(@)= N(R)- N(Q)

For aparticular point Q' in the image plane, the optical path through the

compensating beam is the same as before the disturbance so we can write

5@ =& {[w@-%@] - [w@)- via]

(]

% [w@-y@)

If no consideration is given to refraction, this reduces to the familiar

S@)= —;- (@1 - [~ 1] A8

since the only difference in optical path length occurs within the test section
width, L, and where ( luo;l) is the refractivity of the reference conditions

in the free stream.

Referring to figure A.1, it can be seen that when refraction is

accounted for, the light ray through the test section that arrives at the point
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@ appears to come from Q in the object plane,which for this analysis is located

at h=1L/3 = %9 mm. The fringe shift that will be measured at Q is thus given

by
=\ _ 1 -] |
Sn(@) “)'\;[wsacqa 'IVSABca]

By assuming an on axis point light source and perfect optics, the wave fronts

entering the test section are plane and parallel to the entrance window so that

S, @=% | Yerag ~Vheca |

A9

= '}'\'0 {(1?; £ _w:&) + (wFC'i = W;Q + (7-(/6 a "Wca ﬁ\;-}

For the first term in equation A.9 , we have

L
ws:"onB-‘f/‘(‘i)Jl*H'Z dx — Mo

L
= pe [ (1+Y'2) dx = p,L

where use has been made of equation A.4. The integral is evaluated from the
solution of equation A.2 for the assumed theoretical boundary layer profile.

The second term of A.9 is expressable as
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W= Wpe = fg FG—BC]

:/Ugl:Co:C(’z - ]

=t][1~ (52 Tif';;g T/Z'l

=4t [1—(%-5-}2 .é-z]— iy

where use has been made of the geometry in figure A.1, Snell's law of re-
fraction, and equation A.4. The value of y'F is obtained from the solution

of A.2. Several authors have considered that special problems arise in re-
fraction analyses when the test section light is transmitted through and not
reflected from the last beamsplitter of the interferometer. This latter
arrangement is, of course, more desirable than the former which is the way
the present interferometer is arranged. However, it appears that in this case
where the plane of centers for the interferometer is perpendicular to the re-
fractive gradient, the effect of the beam splitter is simply to make the effective

exit window thickness t larger. Therefore, in the actual calculations, t'
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is substituted for t where

Theum selitter
Sin (45°)

./
t = twsndow +

To determine the last term in equation A.9, one notes that a backward
extrapolation of GQ appears to come from the apparent object point Q*.
Therefore, again by Fermat's principle, if the windows and test section are
removed, rays emanating in any direction from Q* have equal optical path

lengths to the conjugate point @ , so that

/('LQ_’(Q*-G\)-“ 1‘)@@ = /UQL(Q*C) +’WE§ .
Vg — Wea = fa | G%C - Q*a]
Noting that
CG = (K*+t)tant,

= (4\'\*-%—“:.)":0“ @3

"

h+tan e + t tan @,
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or

Q'c = W+t

h tan & ++ +an @2
“‘.'.Clh (03 -tq_y\ C??a

i

and

Q*_Qf_c____._&*c

B cos LP‘ COSC?B

where the following relations apply

tane = Y¢
tan @, = Ae ' ldé
oA e
_ Me Hf—-




Where again use has been made of the geometry and equation A.4. Finally,

we can write for the third term

W—‘wo—"-’[é h+ t(—’ﬁ—g- - ﬁgl‘ﬁlz »/?_1
R I T i

" A.12

With the solution to equation A.2 known and equations A.10, A.11,
and A.12 substituted into A.9 , we can calculate the fringe shift, SM’ that
would be measured at 6 corre sponding to the point @ in the test section
for the assumed boundary layer profile. It remains only to determine the

value of y Q which can be written

Ya= Ye - P

A, 13

e = [(4e-Ye)—htane]

= Ye + h %Hé‘

The theoretical boundary layer profiles assumed in this analysis were
the solutions to equation 3.4 for 2/= .75 and the un-ionized free stream
conditions corresponding to run 714 and those resulting from the solution of
the equations presented in Chapter IV for the ionized boundary layer. Equation
A.2 was solved for these prefiles by use of a Runge-Kutta procedure, and the

integral of equation A.10 was performed by Simpson's rule on an IBM 360-67
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computer. The results of the analysis are presented for two cases, typical
of the un-ionized and ionized boundary layer, in figure 41. The fringe shift
profile for no refraction S (equation A. 8) is plotted along with the "error"

S-SM where again, S, is the fringe shift profile one would actually measure

M

if the "true" boundary layer profile were given by the above solutions.

4.2 Window Boundary Layer. In the presénce of side-wall boundary layers

on the test section windows, the actual measured fringe shift will be given by

(no refraction since refractivity gradients are parallel to the optical axis)

L
5:-3;- IEu(x)—l:[dx — -‘;—[ Wé‘l)o]ﬁ

8

In this equation no subscript refers to the true test section properties and the
subscripts 1 and B.L. refer to the reference conditions and the boundary
layer properties respectively. The boundary layer thickness is given by 6 .

From equation A.3 we can write

(//‘“D: A(?\)ﬁ[—)—%—-— %B()\\ A.15

If one neglects the effects of the side wall boundary layer, the indicated test
section properties denoted by the primed quantities will be related to the measured

fringe shift by
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Figure 41. Theoretical fringe shift error in end-wall boundary layer measure-
ments.
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s=L A4 [(—/51— - Bm] ats

Substituting equation A.15 into A.14 and equating the result to A.16 for

each of two wavelengths results in
(P'—P)+B:,z(“ )= _ 2§ [p 812 f(ﬁu he&,_)dx

Subtracting these two equations and letting

Pe.L. = (0P

we have

&
Ne _ [1-22 -z-fr‘(x)dx
e [ bbb
ne | Je(y-28)_4, 2 Ne Sr(x)dx
p A+ Bipr|w L Tt *
’ 3
P [1 - —ZL—S *—E-frz(x)dx]

Now if one assumes a parabolic boundary layer as follows
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()= (—2—)[2 -(—g—)]
o= (£ -Ya-ofe) 7] 2

where TW is the wall temperature and where the reasonable assumption has
been made /O / Pw =T/ Tw . The above ratios of true to indicated

properties become

and

These equations clearly indicate the expected results that the measured or in-

dicated n e and S are respectively too low and too high.

If one assumes a boundary layer thickness of 1 mm and the indicated

1= 5 mm, M = 12,0, the resulting

errors are ‘(\e/ﬂé ar4,02. and ﬁ/p'rv .80 . While the error in the

conditions at 100 /_{sec after reflection for P

measured electron concentration is negligible, the error in density is quite
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large. However, the above assumption regarding the density ratio, SO / P
was conservative as was the parabolic distribution assumption for the béundary
layer profile, so the actual errors are somewhat less than this. As discussed
in Chapter IV, this source of error was not actually accounted for in reducing
the data because of the unknown effects of bifurcation and side-wallboundary-

layer developments.

The direct effects of the side-wall boundary-layer on the end-wall thermal-

(10) and found to be negligible

layer measurements were estimated by Bunting
relative to the uncertainty in fringe shift measurement; therefore, no additional

calculations will be done here.
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APPENDIX B
CALCULATION OF REFLECTED SHOCK EQUILIBRIUM PROPERTIES

The analysis described here for the calculation of the equilibrium, .
thermodynamic properties behind the reflected shock corresponding to frozen
conditions behind the incident shock is unrealistic in view of the results of
Chg,pter IV. The basic procedure, however, is typical of the kind of calculations
that have often been relied on to provide the boundary conditions for other end-
wall experiments and similarly, were first performed in this investigation to
provide an estimate of the expected properties as a function of the initial con-
ditions. An exact solution or one more closely matching the actual flow field
was not undertaken here, although such a study in connection with the present
data might well yield valuable information on the kinetic rate processes, which

would obviously have to be included.

The analysis proceeds by assuming a constant reflected shock speed of
sufficient strength to bring the fluid behind it to rest. The conservation
equations then yield the following jump conditions:

-1
u Pt YIZ.F u
P52 = | Fog o0 |8

2 (P2e =D (Fse-1)

Pse _
Pr L+ ¥iMs (See —2¢)

NsE (1) M2 (Nae-1)(¥se—1)
hy 1+ > Mar (JOSE"QzF‘>
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where the density ratio, ')‘ZF’ is given by Q’LF: Pae / A, and where |

\YEE = PSE / Pj_ . It is assumed that no reactions are taking place be- -
hind the incident shock. Since only the initial pressure, enthalpy, shock speed,
and ratio of specific heats are known, two more equations are necessary to
determine the fiw}e unknowns, Psg ) hSE y UFSE y Nag 2nd  ¥sg

These can be provided by the specification of a thermal and caloric equation of
state, However, such a specification introduces two additional unknowns,
namely, the temperature and degree of ionization. A determinate system is

then obtained by introducing the Saha equation expressing the relationship between
the temperature, density, and degree of ionization when the fluid is in thermo-

dynamic equilibrium and all species are at one temperature.

The thermal and caloric equations of state are taken as

Pse= (1+<lsg) Fse PRyTsg —AP B.2
and
= _P5E €t rns FCioniat €
hs‘E— jol EPSE. trans onizZ, elec.exc. | B.3

The pressure correction term arises because of the coulomb interactions in

the plasma and is given by

3/a. 3/
AP = e’ (29%5e) (R Fse)
24T 603/2 K V2 mZIZ Ts'é:z_

B.4

X5E (-Fi jpSE) AT
=)
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where AI is the Debye-Hlickel correction to the ionization potential given by

i
o3 (205 Y2 (P ¥se) -
4T €57 (ma K Tse.)%‘

A=

These corrections to the plasma properties result from a consideration of the
coulomb or polarization energy released to the plasma through the tendency of -
the charged particles to surround a particle of unlike charge. Such a '"space
charge'" effect occurs over distances on the order of a Debye length and the
energy that would have been required to ionize the particle is essentially de-
creased by the potential energy stored in these field effects. The derivation of the
the above expressions gives rise to its own validity criterion, namely, that the

following inequality be satisfied(%)

1 [&KTH3
e £ 5 (25T

For KI~Lev this reduces to ne‘.é-_lOzO em ™3, which is obviously satisfied
for the present experimental conditions. A considerable body of literature has
been published on the subject of potential lowering and the somewhat_related
problem of truncating the clasgically divergent electronic partition functions.
(See for example reference 37.) Unfortunately, no new insight is provided in
this report since the details of the plasma equations and the experimental re-
sults are somewhat clouded by their coupling to the rather complicated flow
field behind the re’ﬂected shock. As a matter of interest,. however, the cal-
culations for the reflected shock properties were performed with no plasma
corrections, with the above Debye-Hlickel theory, and with the following

)

correction of Ecker and Weizel(38
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1/9_ ‘
A= 26805t ¥5) % 7250578 & S:fifﬁl .6
(erq)
In using this expression, no pressure correction was included in the cal~-
culations. The results, given later in this appendix, show that greatest dif-
ferences from no potential lowering result from the Ecker-Weizel formulation,

as expected.

Before returning to equation B.3, it is noted that the form of the Saha

eqaution used in the analysis is

% - A(Z'ﬁ'm K) I2[4+2€XP(’ %992‘.)] eXP\:'- (I- AI)] BT

= h* KT

where all units are consistent and I = 15,75 ev, It should be apparent to the
reader that only the low lying levels of the argon ion are being considered in
the electronic partition functions. Therefore, it is a simple matter to show

that equation B.3 may be written

hsg = e >°55 { (l+d5£)RaTss} { % (1- AI)}

B.8
4+2 exp (;. ____1062.)

[ 2062
o«sg Ra Tse 4124 expP TS’E.)

g
qm
TSe
Equations B.1, B.2, B.4, B.5, B.7, and B.8 now form a determinate

system of equations for the unknowns when the simple jump conditions across
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the incident shock for a perfect gas are included. The equations are obviously
transcendental and must be solved by an iterative approach. To simplify the

numerical calculations, the inverse problem was solved; that is, an initial pfes—
sure P1 and temperature Tl and final temperature TSE
A value of ySE",_' /ose/ﬂ was then guessed as a trial value which sub-

were gpecified.

sequently yielded a value for X 5 from an iterative solution of the Saha

E

equation (Newton-Raphson technique). Substituting P 1’ °<5E and T 5E into
an algebraic solution for 5E obtained from the remaining equations yields

a new value of J° 5 which is then compared with the trial guess. This pro-

E
cedure was repeated until the change in P 5g OVer the previous trial was less

than . 0001.

These calculations were repeated for a range of temperatures and initial
pressures and the résults plotted as shown in figures 42 and 43 where the
equilibrium temperatures and electron concentrations are given as a function
of incident shock Mach number. It can be seen by a comparison of figure 43
with figure 28 that even the Ecker-Weizel ionization potential ‘lowering does not
achieve agreement of the present ""quasi~steady' theory with experiment. Figure
43 shows an increase of approximately 10% in the electron concentration for
the Ecker-Weizel correction over no poténtial’lowering. The difference for
the Debye-HUckel theory is somewhat less than this. It is also interesting to
note that the coulomb energy correction in equation B.8 is less than .01 of
the total internal energy of the argon plasma for the range of conditions displayed

here.
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Figure 42. Equilibrium reflected shock temperature ratios from "quasi-steady"
theory using various corrections to ionization potential (argon).
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Figure 43. Equilibrium reflected shock electron concentrations from '"quasi-

steady" theory using various corrections to ionization potential (argon).
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